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ABSTRACT 
The thermally induced solid-state rearrangement reactions of acylated 
aminopyrazoles were investigated. The precursors were generally formed by mono-
acylating 3-aminopyrazole with an acid chloride in solution, and obtaining an isolated 
individual isomer by dry flash chromatography. 
The rearrangements proceed under remarkably mild conditions (at room 
temperature or below), at temperatures of up to 100 °C below the melting point. The 
reaction can still occur in the melt but not to any extent in solution. The reaction 
proceeds in all cases from the 1 -+ 3-isomer and from the 2 -p 3-isomer and for many 
acyl substituents the rearrangements occur in tandem with the 2-isomer rearranging to 
the 1- & 3-isomers concurrently. However the migration of the acyl group from the 1 
- 2-isomer has not been seen as might have be expected. 
The solid-state rearrangements work for a wide range of acyl substituents, 
even occurring when the structure of the pyrazole ring is altered or when different 
ring systems are used (e.g., indazoles). 
The half-lives of reaction for individual acyl substituents and isomers vary 
from hours to years. The tendency is for the rearrangement of the 2 -+ 3-isomer to be 
faster than its counterpart I -+ 3, though there are exceptions to this. The overall 
conclusion is that, having investigated a wide range of migrating acyl substituents, 
neither steric, nor electronic, nor melting point factors, are responsible for controlling 
the rate of this solid-state rearrangement. A study of the crystal structures of a range 
of structurally diverse 1- and 2-acyl-3-aminopyrazoles reveals that a non-
Topochemical mechanism is operating and so the reactions are thought to take place 
at crystal defects. The reaction is observed not to occur throughout the bulk of the 
VI 
crystal when observed under a microscope and in addition the integrity of the crystal 
is not maintained throughout the reaction. 
The kinetics of the rearrangement of acyl-3-aminopyrazole derivatives has 
been modelled upon an extension of the Prout-Tompkins equation. The equation 
gives a good fit when the kinetic data is obtained over a reasonable decay range for 
reaction, 100-0% and the rate constants thus obtained are moderately reproducible. 
A labelling study was undertaken to establish the mechanism of the 
rearrangements, which showed that both the 1 -+ 3 and 2 -* 3 rearrangements 
proceed via an inter-molecular mechanism. 
In an extension to other aminopyrazole derivatives, 4-aminopyrazole and 3-
aminoindazole were prepared. The former after acylation gave only the 4-amido-
isomer or a diacyl derivative with no precursor for the rearrangement to be studied. 
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This thesis is intended to explore novel solid-state rearrangement reactions of 
acylated aminopyrazoles that are thermally induced, as in Scheme 1. 
Solid State 
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R=OCH3 R=OCH3 R=OCH3 
Scheme 1 
Rearrangement reactions of this type have important advantages over other 
solid-state reactions for serious investigation, because the reaction proceeds for a 
range of different substrates at a reasonable rate under very mild conditions, and 
preliminary studies showed that it appeared to follow well-defined kinetics. At a 
more philosophical level, it is important to understand the nature of spontaneous 
solid-state organic reactions because of the wide range use of organic compounds as 
pharmaceuticals or agrochemicals, and in this context a number of biologically active 
pyrazoles are known. 
In this introduction a general discussion of organic solid-state reactions will be 
presented, followed by a detailed survey of thermally induced organic reactions in the 
solid-state. 
2 
A 	Organic Solid-state Reactivity 
Most organic chemists assume that the isolation of a crystalline compound 
from a reaction signals that the chemical change has been completed. This is probably 
due to the assumption that a reaction requires mobility of molecules when in fact 
many solid-state reactions tend to occur with minimal atomic/molecular motion. 
Indeed, examples of spontaneous reactions of organic compounds in the solid-state 
have been reported regularly in the literature since before the turn of the century and a 
number of recent reviews are available. 1-5 
There are innumerable literature references to reactions of this type, many not 
fully investigated. These references contain a rich diversity of examples ranging from 
alkyl rearrangements 6 ' 7 to phase transitions,' from resolutions 9 to nucleophilic 
substitution reactions. 10 Not all of these reactions occur in a single crystal but can be 
single crystal to single crystal or even involve solid plus gas 
reactions. 1,5,14  Further, not all the reactions are thermally induced, in fact, many are 
photochemically induced. 
However this account will be devoted primarily to organic reactions which 
occur in a single crystal and are thermally induced, though some mention will be 
made of photochemically induced reactions. 
(1) 	Definition of a Solid-state Reaction 
Various criteria must be met for a reportedly 'true' solid sate reaction. The 
most straightforward of these is found for a reaction that occurs below the eutectic 
temperature of a mixture of starting material and products. 9" 5 There are however 
3 
other criteria to be met, for example, closely related compounds may show 
pronounced differences in their reactivity in the solid-state [see sections B(i) and (ii)]. 
Reactions that occur in the solid-state often do not occur or are extremely slow in 
solution. 16 
There is even the possibility of "different reaction products being obtained 
when the reaction is carried out in the solid-state and in solution," see Scheme 2. 
Finally, "in solid-state reactions the same reactant can in different crystalline 
modifications have different reactivites or give rise to different products." 
As an example of these last two features, the case of trans-cinnamic acid 17-19 
may be cited (Scheme 2). These reactions of cinnamic acids are examples of [2 + 2] 
photodimerisation reactions. In solution there is no dimerisation of these acids but 
trans - cis isomerisation does occur. While in the solid-state, the cinnamic acids 
crystallise into three polymorphic forms a, 13, and y. The photochemical behaviour of 
these cinnamic acids is dependent on their polymorphic forms, with only the a and 0 
forms going on to react and produce dimeric products. Cinnamic acid molecules pack 
in one-dimensional stacks, in all three polymorphic forms, adjacent stacks being 
paired by hydrogen bonding across centres of symmetry. Within the stacks the 
molecules lie parallel with the average distance between molecular planes being of the 
order of 3.6-4.1 A. In the case of the polymorphic form 'y no reaction occurs and 
crystals of this type are photostable. In this case the reactive double bonds do not 
overlap and the distance between the double bonds (4.7-5.1 A) is thought to be too 
large for a cycloaddition reaction to occur in the solid-state. 
4 
COOH 
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Scheme 2 Photodimerisation of trans-cinnamic acid. 
(2) General Features of a Solid-state Reaction 
The solid-state reaction is induced thermally or photochemical ly. It may be 
initiated Topochemically (i.e. with a minimum amount of atomic or molecular 
movement from the known starting structure [see Fig. 2. Section B(i)]) or initiated at 
crystal defects where the regular arrangement of molecules is interrupted. Overall, 
the majority of solid-state reactions are initiated by crystal defects. Nevertheless, 
many reactions, which take place at crystal defects, can still take place very rapidly. 
"In the solid-state unimolecular reactions are usually easier than processes that 
require an encounter of two or more entities, unless the crystal geometry is such that 
reacting counterparts are favourably juxtaposed," i.e. a Topochemical arrangement. 4 
In molecules structural and packing effects result in reaction products being obtained 
only in the solid-state and not in solution. As well as this, the majority of solid-state 
reactions are exothermic in nature. In crystals "the reactivity is dependent on a 
5 
balance between steric packing factors and electronic properties," whereas "in 
solution the reactivity is mainly dependent on the electronic properties of the 
reactants." Finally, solution chemical reactions are often reversible whereas in a 
crystal, the reaction usually goes to completion. The reason for this is the importance 
of cooperativity found in the crystal but not in the liquid or gaseous states. In the 
latter, the molecules react virtually independent of one another, whereas in the crystal 
each molecule is influenced by what happens to its neighbours. 
(3) A Topochemical Reaction 
Schmidt and co-workers defined the Topochemical postulate, 1719 as: "a 
reaction is Topochemical if the structure of the product can be explained by the 
crystal packing of the reactant crystal." Further, "reactions in crystals proceed with a 
minimum of atomic or molecular movement." For a classical example of a 
Topochemically controlled reaction see section B(i). 
As a result of the work by Schmidt and co-workers some important principles 
have been established as a basis of Topochemical control of both bimolecular and 
unimolecular transformations. These are, first, that "the intrinsic reactivity of a 
molecule is less important than the nature of the packing of neighbouring molecules 
around the reactant." As well as this, in crystals the "conformations taken up by 
molecules are few (usually just one), which in the dispersed state are very flexible." 
"The separation distance (usually less than 4.2 A), mutual orientation, and space 
symmetry of reactive functional groups are crucial." Finally, the majority of organic 
solids form molecular crystals, which display a rich diversity of polymorphic forms, 
in each of which a particular conformer or symmetry and separation of functional 
group prevails. 
The Role of Crystal Defects 
Solid-state reactions not initiated Topochemically, are initiated at the points of 
defects or near impurities, which are likely to provide pockets of free space for 
molecular motion. Sometimes it is possible to induce a reaction in an apparently 
perfect crystal simply by touching it with a pin. 
The Solid-state Reaction as a Four Stage Process 
Solid-state reactions have been described by Paul and Curtain as a four-step process,' 
see Fig. 1.: 
The unreacted crystal. 
Loosening of molecules at the reaction site. During this stage significant 
change in molecular shape must be preceded or accompanied by a loosening of 
the crystal. This is in contrast to molecular crystals, which typically have their 
constituent molecules tightly packed and have little freedom of motion of the sort 
needed for reaction. 
Molecular change. In the early stages of the reaction molecules of the product 
are imbedded in a matrix of starting material. This is the only stage of the 
reaction that has a counterpart in solution chemistry. 
7 
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(a) 
Solid solution formation. Once the product accumulates as a solid solution in 
the parent crystal and the solubility is exceeded, then nucleation induces the 
crystallisation of a separate phase. 
Separation of the product. During this stage the product may be randomly 
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Fig. 1. Represents the stages of reaction in the solid-state: (a) unreacted crystal; (b) 
loosening of molecules at the reaction site; (c) molecular change; (d) solid solution 
formation; (e) separation of product. 
(6) 	Kinetics of a Solid-state Reaction 
A major problem in solid-state reactivity is monitoring the reaction process. 
This is usually done by spectroscopic or diffraction techniques though in some cases 
it is possible to observe actively the movement of reaction fronts in single crystals 
8 
using a microscope. The problem is few studies have provided well-defined kinetics. 
This is due to solid-state reactions showing complex rate behaviour that must for 
example take account of induction periods, autocatalytic effects, sigmoid shaped 
kinetic curves, dependency on ageing and particle size. In fact the role of defects in 
initiating nucleation and growth of new phases in thermal reactions seems to be little 
understood, although their importance in certain photochemical induced solid-state 
reactions 20 has been established. 
These features cause problems in fitting reactions to a single kinetic equation. 
What is needed is a definite model, such as the Nuclei-Growth model. There are 
examples in the literature of equations that fit this model. One such example is The 
Prout-Tomkins equation. 2 ' 
The Prout-Tomkins equation is: 
Log(o /l—o( )= kt+C 	(1) 
The differential form of this equation is: 
do/dt=k'cx(1-oØ 	(2) 
Where a = the fraction of the solid which has reacted. 
The Prout-Tompkins equation is derived according to the assumptions, which 
have been described for gas-phase reactions. The reaction proceeds in the solid by a 
somewhat similar mechanism to the chain branching radical process. It assumes 
nucleation forms an active species, which can then, after reaction, yield two (or more) 
active species. These active species in turn can react to increase the number of active 
centres as the reaction proceeds. But, the effect of such chain branching is offset by 
the possibility of termination of active radicals by direct combination of these active 
9 
species. The probability of radicals being reduced in number through termination 
increases with their concentration. This equation has been usefully applied in high 
temperature decomposition reactions of inorganic salts 22 but also holds for organic 
reactions such as the rearrangement of triazoles 23 and the isomerisation of cis- to 
trans-azobenzene. 24 
Using the differential form of this equation (2) one can see that the reaction 
rate is proportional to the fraction of the solid, which has reacted, a. This factor a, is 
dominant in the early part of the reaction during the acceleratory period, as is the (1 - 
a) factor which has not reacted significant in the latter stages of reaction. The 
equation shows accelelatory and deceleratory periods, comparable to the behaviour 
described for nucleation and growth processes. The Prout—Tompkins equation thus 
forms sigmoid a-time curves, for example see Fig. 9 section B(6)(ii). The exact 
shape of the sigmoid curve depends on the history, size, degree of scratching, etc., to 
which samples have subjected, and some variation between kinetic behaviour of 
different crystal preparation may be expected. 
Finally, some sigmoid curves have induction periods that have been found in 
kinetics. These have been shortened in the isomerisation of cis- totrans-azobenzene 
by pre-irradiating with a mercury lamp or by grinding the sample, in fact, the same 
effect of grinding is seen in the thermal decomposition of inorganic salts. 
B 	Thermally Induced Solid-state Reactions Reviewed 
In the review that now follows a greater depth of information relating to 
specific examples of solid-state reactions is presented. The depth to which these 
reactions have been studied varies from example to example. In particular earlier 
10 
studies lacked recent techniques such as X-ray crystallography and various 
spectroscopic methods. Hence the literature contains papers which simply state a 
solid-state reaction occurs, as well as those which present an in-depth study of a 
particular reaction. The methods employed, instruments used and results are often 
found to vary from reaction to reaction. 
(1) Alkyl Rearrangement Reactions 
(i) 	A Topochemical Initiated Methyl Transfer Reaction. 
N(CH3 )2 N(CH3)3 N(CH3 )2  N(CH3 )2 N(CH3)2 
503 	S03 	S03 	S03 	S03 
CH3 CH2 (CH2)3 CHCH3 
I 	I 
CH=CH2 CH3 CH2CH3 
4 	5 	6 	7 	8 
A classic example of a Topochemical reaction is a methyl transfer reaction 
studied by Bergman et al.6  On heating solid p-NN-dimethylaminobenzesulfonic acid 
methyl ester 4, an intermolecular transfer of the methyl group occurs to produce the 
zwitterion 5 (this reaction is also possible in the melt and in solution). 
The crystal structure of the starting material 4, Fig. 2., shows the methyl 
transfer is possible with a minimum of atomic motion. Where the sulfonic acid group 
of one molecule is close to the amino group of another (the intermolecular N ... C 
distance is 3.54 A), and not too far from the collinear alignment needed for the 
proposed SN2 displacement (N C"O angle is 147°). On heating solid 4 the rate of 
IF 
reaction slowly increases up to its melting point (364 K), when the rate abruptly 
drops. Thus, this ordered arrangement of molecules is especially suitable for the 
methyl transfer. Further, this system shows the orientation in the crystal is directly 
implicated in lowering the entropy of activation of the reaction sites and facilitating 
the proposed chain reaction sequence in Scheme 3. 
Fig. 2. Crystal structure of 4. 
CH3 	 Cl3 	 CH3 
V S03 -CRI 	 'T——SO3 -CH3 
Scheme 3 
12 
However when the methyl group was replaced with other alkyl substituents (as 
in 6, 7, and 8) these substrates failed to rearrange in the solid-state, showing the 
rearrangement is controlled by other factors than just the normal reactivity of its 
functional group. 
The authors imply that the particular crystal structure of the methyl sulfonate 4 
plays a crucial role in its solid-state rearrangement. 
(ii) A Methyl Transfer Reaction Initiated by Crystal Defects 
Not all solid-state reactions are topochemically controlled. One example is 
apparently very similar to Bergman's rearrangement shown in section B(1)(i). In this 
new case, Venkatesan et a17 confirmed the rearrangement of o-
methoxysulfonylthioanisole 9 to zwitterion 10, and could partially convert solid 9 to 







In solution the reaction proceeds intermolecularly, where the intramolecular 
migration of the methyl group is not possible because it fails to achieve the collinear 
alignment (SCH3-0) in the transition state needed for the proposed SN2 
displacement reaction. 25 
13 
Fig. 3. Crystal structure of 9. 
In contrast to the crystal packing of 4, the crystal packing in 9, shown in Fig. 
3. shows the arrangement of neighbouring molecules does not favour a Topochemical 
intermolecular methyl migration. In fact the molecular motions that are needed are so 
extensive that they could not take place without disruption to the crystal. However, a 
pathway for the intramolecular, endocyclic reaction could be imagined, by making 
appropriate rotations around the C-S and S-O bonds; this proposal is not perfect but 
could not be ruled out. Therefore contrary to what has been observed in solution, the 
methyl migration must be intramolecular if the solid-state reaction were to be 
topochemical. However a double-labelling experiment proved conclusively that the 
reaction was entirely intermolecular, 26 and that the reaction was not topochemically 
controlled but had stereoelectronic control. The reaction must be occurring as a result 
of crystal defects where the regular arrangement of molecules is interrupted. In 
support of this evidence the reaction proceeds faster in powder form than in the single 
crystal. However, the single crystal reaction is still faster than the corresponding 
process in the melt. 
14 
(iii) Thermal Rearrangements of Solid 4H- 1 ,2,4-Triazoles 
4-Methyl and 4-ethyl substituted 4H- I ,2,4-triazoles rearrange thermally in the 
solid-state (or melt) to the corresponding 1-alkyl substituted triazoles. 23  The reaction 
occurs at a temperature of less than 50 °C below the melting point for both starting 
reactants. The reaction starts in the solid-state but as the reaction proceeds the 
temperature of the mixtures of starting materials and products rises above the eutectic 
temperature, i.e., the reaction proceeds in the melt. Under the reaction conditions it 
was possible to achieve 10-15 % rearrangement before the crystals started to melt. 
Reaction rates and the activation parameters were determined for both phases. The 
rearrangement of methyl-substituted triazole appears to be faster than its ethyl 
equivalent, though both rearrangements were conducted under a different temperature 
range because of their different melting points. Both the methyl and ethyl substituted 
tria.zoles rearranged faster in the melt than in the solid at the same temperature by ~t 
one order of magnitude. The methyl substituted triazole has a lower activation energy 
than the ethyl compound in the solid-state (methyl: Ea 104 kJ mol 1  vs. ethyl Ea 173 
kJ mol '). Crystal structure analysis of both the 4-methyl and 4-ethyl substituted 4H-
1 ,2,4-triazoles revealed the angles N(IV)8 -C(a)B -N(I)A were 167° and 1610  for the 4 
methyl and 4-ethyl substituted triazoles respectively. Further they were close to the 
linear alignment needed for the proposed SN2-like transition state, the intermolecular 
distance for N and CH 3 (and CH2) is 3.2 A and 4.6 A for the 4-methyl and 4-ethyl 
substituted triazoles respectively, (Fig. 4.). This result was in agreement with a 
nucleophilic-type group transfer mechanism as the activation parameters could be 
correlated with the interatomic distances between the I-N atoms of the triazole rings 
15 
and the a—atom of the 4-alkyl groups in the neighbouring molecule. Thus the crystal 
structure of the 4-methyl-substituted triazole was closer to the ideal transition state for 






d = 3.2 A for methyl derivative 
4.6 A for ethyl derivative 
Molecule A 
CH2R 
Fig. 4. Intermolecular distances between the ring-N and alkyl a—carbon atoms in 
relation to SN2-type transition states. 
The suggested mechanism (Scheme 4) shows a dialkyltriazonium triazolate 
salt is formed from two alkyltriazole molecules via an initial nucleophilic SN2-type 
displacement reaction. 27-30 
The reactions showed first order kinetics but this did not necessarily reflect a 
unimolecular reaction and may be the result of a more complex reaction, which 
cannot be expressed by a single rate expression. There were several mechanistic 
pathways suggested which were consistent with the kinetics and one example is now 
discussed. The kinetics were found to follow the Prout-Tomkins equation for solid-
state reactions using linear nuclei-growth model, see section A(6). 2 ' The kinetic, 
thermodynamic and structural data can be rationalised by a mechanism in which the 
rate-determining group transfer takes place between neighbouring molecules in the 
crystal. The rearrangement thus occurring in the bulk of the crystal where the 
16 
dialkyltriazonium triazolate initially formed acts as a catalyst, where the ions react 
with neighbouring, neutral molecules, producing l-alkyltriazole. In the rigid solid-
state such a mechanism is, however, unlikely, as by this process increased separation 
of charge will result. 
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The stacking arrangement in the solid-state of the binaphthyl skeleton 
facilitates a SN2 reaction of the compound (±)-2-amino-2-hydroxy-3'-
(methoxycarbonyl)-1,1 -binaphthyl 11 (Scheme 5). 10 When the ester 11 in the solid- 
17 
state is heated at 150 °C for 15 minutes it produces the carboxylic acid 12 in 93-95% 
yield 
Studying the reaction by solid-state 1 3 C NMR confirmed the gradual change 
OCH3-3 NCH3 . The reaction was revealed by differential scanning calorimetry 
(DSC) to be exothermic. X-ray crystallography in conjunction with a double isotopic 
Fig. 5. Bonding interaction between the NH 2 and CO2Me groups of the two molecules 
of (R)-(+)-11 as revealed by X-ray data (3.20 A; 173.2°). 
labelling experiment and Mass spectrometry has revealed the mechanism to be a SN2 
type displacement reaction. The X-ray crystal packing shows the NH 2 of one 
molecule is close to the CH 3 of another (inter molecular N C distance is 3.20 A) and 
close to the collinear alignment needed for the proposed SN2 displacement reaction 
(the N"C 0 angle is 173.2°), Fig.5. 
(V) An unusually fast Chapman like reaction. 
The Chapman like thermal rearrangement of alkyl-imino-ethers 13 into N-
alkylamides 14 in the solid-state (or in the melt) does not occur easily with 
18 
temperatures in excess of 200 °C being required. 16,31-32  However when a second 
oxygen atom is attached to the central carbon atom it takes place more readily at 120-
200 °C, (e.g. 13, R' = OR). 
R2\ 	 R2 \ ,R3 	R2\ +.R4 	R2\ 
N N N 	 N 
II 	 I 	 II II 
C R3 C R3 
R' ' 	R1
0 R1 	 R10 
13 	 14 	 15 	 16 
Electrophilic reagents, e.g. alkyl halides, catalyses this Chapman-like 
rearrangement, 16,33-34  which proceeds via the cation 15 (R4 = R) resulting from the 
alkylation of the nitrogen in 13. 
It is also catalysed by nucleophilic reagents such as amines or quaternary 
ammonium halides, 35 such as the intermediate anion 16 that results from the 










Scheme óa:R=CH3,X=OCH3 b:R=CD3,X=OCD3,c:R=CH3,X=H. 
Results have shown that this rearrangement is unusually fast in the solid-state 
(much faster than in the melt) for some derivatives of 5-methoxy-2-aryl-1,3,4-
oxadiazoles 17 which rearrange to 18,16  Scheme 6. Further it can be attributed to a 
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Fig. 6. Crystal structure of 17b displaying molecular packing and the very short 
intermolecular contact between the OMe group of one molecule and the N atom of a 
symmetry related molecule. 
20 
The crystal packing in 17b shows the three 0, C, and N atoms involved in the 
migration of the methyl group from a given molecule to its neighbour are practically 
aligned, with a distance between the methyl group and the nitrogen atom equal to 2.9 
The isomerisation mechanism for this family of 5-methoxy-2-aryl-1,3,4-
oxadiazoles is shown to be intermolecular and a double ionic mechanism has been 
proposed (Scheme 7). 
(2) Mechanical Stress in Beckmann-Chapman Rearrangement of 
Oxime Picryl Ethers 
In the thermal Beckmann-Chapman rearrangement the picryl ethers 19a-c of 
benzophenone oxime and its syn- and anti-p-bromo derivatives rearrange to their 
corresponding N-picrylbenzamides 21a-c, respectively. 3738 
It is observed in the rearrangement of moderately thick crystals of 19, a region 
on the sides of the crystals became yellow as a solid solution of the yellow product 21 
accumulated, and the resulting stress caused cracking in the region of the reaction. 
These same cracks seemed further to accelerate yellowing, so that in regions where it 
had started, the reaction continued for several hours before it spread to the remainder 
of the crystal. It seems plausible that the stress induced by the reaction led to further 
nucleation sites. 
It is remarkable that the behaviour of the picryl ether 19 depends on the size 
and shape of the crystals undergoing reaction. Thick crystals but not thin ones show 
cracking, it is assumed that the thinness made possible "emergence at the surface" of 
a considerable part of the internal stress developed during the change. This shows 
21 
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a, X = Y H 
b,X=H;Y=Br 
c,X= Br; Y=H 
(3) 	Phase transitions 
(i) 	Formation of Three Polymorphs 
The three polymorphs deep yellow (Y), light yellow (LY), and white (W) each 
with a distinctive colour and formed from the dimethyl ester of 2,5-dihydroxy-3,6-
dichloroterephthalic acid 22, show a different molecular conformation in their 
22 
respective crystal structures. It has been found that Y is the most stable at room 
temperature with W the least, though this is reversed at higher temperatures. Hantsch 
considered the two forms W as 22 and Y 23 as a keto-enol isomerism . 39 However, 
more recently Curtin and Byrn interpreted the colour change during the reaction as a 
result of changes in hydrogen bonding. 40-41  
Crystal structure analysis reveals the Y molecules to be almost coplanar, with 
intra-molecular hydrogen bonds to the oxygen atoms of the carbonyl, whereas in W 
the ester groups are rotated nearly perpendicular to the plane of the other atoms (with 
intermolecular hydrogen bonds to the oxygen atoms of the carbonyl of different 
molecules). A final form was identified as LY, with molecules in which the ester 
groups are neither coplanar with the benzene ring, as in Y, nor nearly perpendicular to 














The reaction, observed under a microscope, begins at one or more nucleation 
sites and spreads throughout the crystal. In the Y to W transformation (which can 
occur between 97-137 °C) visual observations have shown the colour changes in two 
stages; first from deep yellow then to light yellow, finally followed by a colour 
change to white. This is suggestive of the pathway Y—+ LY —+W, where LY is an 
intermediate. If W is heated further it melts to form a yellow liquid at 180 °C. This 
23 
can be supercooled and frozen at 157 °C to give mainly Y, even though this is well 
above its usual range of stability. The Y material obtained in this way (occasionally 
as single crystals) does not revert to W on rewarming but melts at 20 °C lower than 
W. Though, if the Y crystals are cooled rapidly to room temperature and then heated 
they transform normally to W. 
This erratic behaviour shows the significance of crystal defects in initiating the 
various transformations. Indeed, it is possible to introduce defects, by touching the 
crystal surface with a sharp needle, where upon the Y to W transformation starts at the 
scratch and proceeds out from there. 
Crystals of LY usually transform to W, again over a wide temperature range, 
between 87-107 °C. Occasionally, however, a LY crystal (or part of one) may 
transform to Y. 
The authors could not show a mechanism for these solid-state interconversions 
(ii) A Reversible Phase Transformation 
On warming a few degrees above 17 °C a low temperature a-phase of N-
methyl-i -thia-5-azacyclooctane- 1-oxide perchlorate 24 transforms (within minutes) to 
a high temperature 3-phase with almost complete retention of crystal orientation and 
outward morphology. 43-44  
This is a reversible transformation and on cooling to 14 °C the reversible 
transformation to the a-phase is complete in a few days. As the transformation 
temperature of the 0 to a-phase is decreased so too is the speed of the transformation. 
So if the f3-phase is rapidly cooled to —173 °C it can be kept there indefinitely. The a- 
24 
phase is thermodynamically stable below 17 °C and the transformation can be 






The transformation can not be followed by NMR, Differential Scanning 
Calorimetry (DSC) or optical microscopy, but it can be followed by its X-ray 
diffraction pattern which shows changes in cell dimensions or the intensities of 
reflections that are forbidden in one phase and allowed in another. 
No plausible explanation can be inferred for the transformation, which 
undergoes extensive change in its crystal structure. 
(4) Acyl Rearrangement Reactions 
(i) 	Intra Acyl Reactions in Related Compounds 
When O-acylsalicylamides 25 are heated in the solid-state, 0 to N migration 
occurs (Scheme 45 
To better understand the mechanism for this 0 to N migration, the crystal 
structure of three O-acylsalicylamides 25 viz, the acetyl, benzoyl and propionyl 
derivatives were studied. The reaction involves bond formation between the N( 1) and 
the C(8) atoms (Scheme 8). An intra-molecular mechanism is proposed 46  for the 
interaction between the N(1) atom and the acyl carbonyl group, C(8)=0(3), which is 
25 
described as a nucleophilic-electrophile interaction, the amide nitrogen N(l) being the 















Scheme 8. Solid-state 0 to N migration in O-acylsalicylamides. 
Upon analysis of the thermal motion of reactants, using anisotropic 
displacement parameters (ADP's), it was shown that a large thermal motion between 
C(8) and N(1) exists and the subsequent torsional libration about the C(2)-0(2) bond 
appears responsible for the observed solid-state reaction. 
On heating the 13-form of N-acylanthranilamide 26 in the solid-state, 















Scheme 9. Solid-state cyclodehydration of 13-form of N-acylanthranilamide 26. 
26 
(ii) Rearrangement of Phenylazotribenzoylmethane into two Products 
(C6H5CO)2C 	N 
\ COC6H5 









28 	 'C6H5 
Phenylazotribenzoylmethane 27 rearranges in the solid-state to a-pheny1azo-f-
benzoyloxybenzalacetophenone 28 and to the benzoylphenylhydrazone 29.15. 47-50 A 
Kinetic study (temperature range of 65-90 °C) of the rearrangement of 27 to a mixture 
of 28 and 29, has shown an induction period followed by a good agreement with first 
order kinetics through most of the reaction. Grinding the crystals could shorten the 
induction periods it was discovered, however this then decreased the rate of reaction 
by a factor of two or more. It was found the ratio of products 28:29 were found to be 
independent of the origin of the starting material and of the fraction reacted but 
instead dependent on the temperature. The solid-state rearrangements were still 
slower than solution reactions by a factor of about 10 2 . 
Finally, chemically induced dynamic nuclear polarisation and esr (electron 
spin resonance) studies indicated that the rearrangements may be more complicated 
than might be inferred from the first order kinetics observed in solution and in the 
solid-state. 
The authors have not suggested a possible mechanistic pathway for reaction. 
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(5) A Topochemically controlled, Regiospecific Fullerene 
Bisfunctionalization 
Crystals of 6,6-monoadduct 32 formed from the flullerene 30 and anthracene 
undergo a regiospecific thermal transformation into a solid 1:1 mixture of 30 and the 
6,6-bisanthracene adduct 33, see Scheme 10.51  Heating deoxygenated 32 at 180 °C 
for 10 min gave 48% each of the flillerene 30 and the antipodal bisadduct 33. 
33 	32 	 30 	33 
Scheme 10 
Single crystals of 32 were too small for a complete structural analysis, 
however the Diels-Alder adduct 31 (formed from 30 and 1,3-cyclohexadiene) grown 
from a solution of o-dichlorobenzene (Fig. 7.) was analysed. 
Ii 
31 
The crystal packing of 31 clearly shows a columnar stacking of molecules of 
31 mediated by intermolecular contacts between the convex flillerene surface and the 
concave cyclohexene moiety (Fig.7. left). It should be noted that the fullerene 6,6- 
28 
.. 	/ 	\ _.•. 
C5a) 	C3a) 
bond (C(55)-C(60)) involved in the contact is parallel to the vector between the 
bridgehead atoms [C(la) and C(4a)] in the neighbouring cyclohexene moiety (Fig. 7. 
right). Similar contacts, two per molecule, have been observed in the bisadduct 33. 
These two observations in conjuction infer the molecules of 32 form layers of stacks 
analogous to those in crystalline 31 (Fig. 8.). Therefore the selective thermal 
transformation of 32 into 30 and 33 in the solid-state is thus suggested to proceed by 
intermolecular anthracene transfer, where the crucial 6,6-bonds are favourably 
juxtaposed for anthracene transfer. This alignment means the reaction is 
geometrically feasible and means it is thermally allowed in terms of orbital symmetry, 
as a combination of potentially synchronised [4+2] cycloreversion and [4+2] 
cycloaddition steps. 
Fig. 7. Left: Crystal packing of 31 in o-dichlorobenzene. Right: Intermolecular 
contacts between the convex fullerene 30 and the concave cyclohexene receptor 
moiety. 
29 
Fig. 8. Schematic description of the anthracene-transfer reaction. A stack of molecules 
of 32 in the solid-state (left) transform into a stack of alternating molecules of 30 and 
33 (right). 
(6) Isomerisation Reactions 
(i) 	Cis-Trans Isomerisations of Olefins 
In an attempt to synthesis 2,3,4-triphenylcyclopentadienone 34 by dehydration 
of 35 a yellow crystalline product was isolated 36, which was found to convert into 
the photo-isomer 37 on standing for 4 hours in benzene in sunlight. 12  Remarkably 
when the orange crystalline solid of 37 was heated for 2 minutes at 185 °C 
quantitative re-conversion to dimer 36 occurred. 
In a similar study of various indigos 38 there is a similar interconversion. 
Although the cis-indigo 38 (R = NH) itself has never been isolated, probably due to 
its rapid re-conversion to the trans form, indigos containing various heteroatoms have 











at temperatures far below that in the above case. For example, cis-thioindigo 
isomerises to the trans—isomers in 32 hours at room temperature. 53 No mechanistic 
study of these reactions has been carried out. 
Ph 	OH 
PhV Ph 
4R AO OR  cO 
38 R = 0, S Se, NMe 
(ii) Isomerisation of cis-Azobenzene in the Solid-state 
The isomerisation rate of cis-azobenzene in solution has been studied by 
Hartly54 and Le Fevre, 55 and they expressed the thermal isomerisation rates as a first 
order reaction. In addition Zimmerman and Birnbaum describe the reaction, as a 
31 
reversible zeroth order reaction have studied the photoisomerisation of cis-
azobenzene in solution. 
Time (mm.) for 36°C reaction 
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Fig. 9. Thermal isomerisation of crystalline cis-azobenzene. 
o : 58.3 ± 0.2 °C 
50.2 ± 0.2 °C 
• : 36.3 ± 0.2 °C (time scale x 10) 
isomerisation rate in liquid phase calculated from 
Hartley's data. 
Tsuda et al investigated thermal and photo-isomerisations of crystalline cis-
azobenzene to trans-azobenzene by infrared spectroscopy in the temperature range of 
36-58 °C. 
They found the change with time in the fractional isomerisation a forms 
sigmoid-shaped curves (Fig. 9). These curves show three stages in the isomerisation 
process can be distinguished, the induction, acceleration and decay periods, see 
section A(6). 
Further the thermal isomerisation was found to follow Prout-Tompkin's law, 
one of several solid-state reactions found to follow this law. In addition, Pre-
irradiation with a mercury lamp was observed to shorten the induction period, but did 
not change the rate constant. On the other hand, the rate constant was affected by the 
32 
degree of grinding in azobenzene crystals. Finally crystal grinding does not alter the 
activation energy. 
In contrast to the thermal isomerisation, the photo-isomerisation of cis-
azobenzene at 12 °C has no induction period. In addition, the trans to cis photo-
isomerisation does not occur (unlike in solution) even if the crystal is treated by X-ray 
or by y—ray pre-irradiation. 
(7) Racemisation in the Solid-state 
Pincock et al studied the thermal racemization of polycrystalline samples of 
neat (+)-bicyclo[2.2. 1]hept-5-ene-trans-2,3-dicarboxylic acid 39 (mp 176 °C) over the 
range 130-194 0056  The reaction occurs in the solid-state up to 165 °C, at a rate of 
only Ca. one-tenth of the melt rate (for melt at 176-194 °C). This first-order solid-
state reaction (between 130-155 °C) has no induction period and is unaffected by 
crystal size or optical purity of samples. The first-order kinetics show that each 
molecule of the solid has equal probability of thermal reaction, just as in the melted 
state. The apparent kinetic simplicity in this temperature region is in stark contrast to 
the complexities of some other organic solid-state reactions which must cope with 
induction periods, autocatalytic effects, sigmoid shaped kinetic curves and particle 
size etc. This reverse Diels-Alder reaction and recombination has been found to occur 
throughout the bulk of the polycrystalline sample rather than at crystal defects. X-ray 
diffraction patterns of partially racemised samples taken from runs below the eutectic 
temperature of 165 °C show growth of (±)-racemic compound (186 °C). 
As the reaction temperature increases above the eutectic temperature of 165 
°C a solid (+) 	melt equilibrium is attained and simultaneous reactions occur in both 
33 
liquid and solid-states. This behaviour produces sigmoid shaped curves for biphase 
reactions of solids (Fig. 10 at 166 °C). A departure from first order kinetics of pure 
solid reaction is credited to the greater rate of reaction in the melt and the 
autocatalytic growth in volume in this biphase. The onset of this can be seen in Fig. 
11, at 161 °C, by the downward curvature from the first order line. It is plausible that 
this is a result of softening of the crystal, just below the eutectic melting point. But 
more probable is that impurities that are developed partially melt the solid. Indeed, 
some sintering of samples was observed at this temperature (161 °C) where samples 
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Fig. 10. Kinetic data for raceimization of neat samples of (+)-39 in the solid (155 °C), 
in the biphase system at 166 °C (where the melt is in equilibrium with the solid), and 
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Fig. 11. First order kinetic plots for racemisation of neat polycrystalline (+)-39 at 151 
°C in the solid phase and at 161 °C nearer the melting point. 
(8) 	Solid-state Resolution of Racemic 1,1 '-Binaphthyl 
The rotation that interconverts enantiomers in the dissymmetric molecule 1,1'-
binaphthyl is only moderately hindered. Pincock et al discovered that racemic 
binaphthyl may be resolved spontaneously into either of its optically active 
enantiomers by heating neat crystalline samples at 105-150 O9  Indeed, optical 
rotations as high as [a]0 ± 245° may be developed from solid racemic binapthyl and 
subsequently be maintained at temperatures up to its melting point (159 °C) without 
loss of activity. Several experimental approaches demonstrate the noteworthy ability 
of binaphthyl to resolve in the absence of any external influence. Their ability to do 
this is made possible by the polymorphic phase properties of binaphthyls. The first of 
these is the low melting form "racemic R, S compound, mp 145 °C which is easily 
obtained at room temperature by crystallisation from pentane but is metastable above 
Ca. 90 °C." Secondly, "a eutectic type mixture of separate crystals of R and S 
35 
enantiomers, mp 159 °C i.e., 'high melting form', is the stable phase above Ca. 90 °C 
and is formed readily by solidification of the metastable melt or by sustaining the low 
melting form at 105-145 °C." The solid -4 solid resolution depends on the existence 
of a metastable racemate that transforms into a eutectic-type form, which is a 
distinctive feature of the binaphthyl system. 
In one experimental approach the transformation of racemic solid binaphthyl 
to either the optically active S-(+) or R-(-) form, was studied below 145 °C so the 
resolution occurs in the solid-state i.e., where the liquid phase is less stable than any 
solid state. The development of optical rotation in a set of sealed neat samples of 
binaphthyl held at 135 °C is shown in Fig. 12. The experiment described by Pincock 
et al 9 was "The binaphthyl used had [aID + 1.40 and was obtained from crystallisation 
by acetone at - 70 °C from a 0.056 M solution with initial activity of [a]D + 9•40• X-
ray powder photographs and differential scanning calorimetry show this sample to be 
essentially all in the low melting form. When heated at 105-140 °C the solid -* solid 
transformation of the low- to high-melting forms of binaphthyl occurs and an 
optimum distribution of (+) seed crystals promotes the solid-state resolution. At 105 
°C a final rotation of [aID  +2200 (benzene) was attained in 12 days." 
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Fig. 12. Development of optical activity in samples of neat, crystalline 1,1 '-binaphthyl 
at 135 °C: ., samples as crystallised from acetone; A, same material ground into 
smaller crystals; m, more finely ground samples. [U]D is the specific rotation of an 




Previous work within the group on mono-acylation reactions 57 of 3-
aminopyrazole, discovered a series of tandem solid-state rearrangements (Scheme 
11). These rearrangements proceed under mild conditions (room temperature or 
below), at temperatures of up to 100 °C below the melting point. 
Solid State 
N112 	 NH2 	 NH2 
Cl( 
Solution Solid 
N 	RCH2COC1 	 State N 	 N 
H 
R OR H 
40 	 41 R=C1 	42 R=Cl 	 43 R=C1 
44 R = OCH3 45 R = OCH3 46 R=OCH3 
Scheme 11 
In the reaction 3-aminopyrazole 40 was treated with chloroacetyl chloride in 
the presence of triethylamine, all starting materials being commercially available. 
This is found to be a general method of mono-acylating 3-aminopyrazoles. The 
product of this reaction was found to be a solid mixture of 1-chloroacetyl-3-
aminopyrazole 42 and 2-chloroacetyl-3-aminopyrazole 41. Remarkably these two 
isomers rearranged over a few days to 3-chloroacetamidopyrazole 43. Preliminary 
kinetic experiments of the mixture of 41 and 42 isomers, and also on pure 42, showed 
39 
first order kinetics for a number of half-lives and indicated the most likely mechanism 
involves transformation of 41 into 42 followed by further reaction to the final product 
43. 
None of this compound 43 was formed in solution, though both 41 and 42 
both underwent decomposition in acetone to several unidentified substituents. The 
reaction was also studied by cross-polarisation magic angle spinning (CPIMAS) NMR 
to ensure the reaction was induced thermally and not to any extent by the outside 
environment. 58 
These acylaminopyrazole rearrangements have great advantages over other 
solid-state reactions for investigation because preliminary studies has suggested that 
the rearrangements occur for a range of substrates at a reasonable rate and under very 
mild conditions. In addition, apparently no tandem solid-state rearrangement has 
been investigated in detail. It was therefore felt a more in-depth study would be of 
great advantage. 
C 	Research Programme 
The previous work employed only a restricted range of acyl substituents. It 
was therefore necessary to change systematically the structure of the acyl group and 
of the pyrazole, and study both the acylation and subsequent solid-state 
rearrangements. In addition nothing was known about the effect on the rearrangement 
of substituents on the 4- and (particularly) the 5-position of the pyrazole, and 
furthermore if these rearrangements extended to other (non-pyrazole) heterocyclic 
systems. 
40 
Previously separation of 1- and 2-isomers had not been achieved, but both 
isomers in their pure form would be necessary for proper kinetic analysis and 
crystallographic studies. Chromatographic methods were therefore studied to achieve 
this separation. 
It was hoped also to characterise these pure isomers and to study their ' 3C/ 1 H 
NMR as well as their Mass spectra. 
In addition we also hoped to obtain X-ray crystal structures and packing 
diagrams for a series of N-acyl and acetamidopyrazoles in order to determine if any 
obvious reaction mechanism could be seen such as an intermolecular Topochemical 
reaction. It is also possible that both intra- and inter-molecular reactions are occurring 
in our tandem solid-state reaction, as one process might be intra- and the other inter-
molecular. So we may perhaps only see one of the isomers stacked and with its 
reacting counterparts favourably aligned ready to react. 
(1) N-Acyl-3-aminopyrazoles 
(i) 	Preparation of 1- & 2-Methoxyacetyl-3-aminopyrazole 
Of the initial acyl substituents which were employed in the earlier work, 57 the 
methoxyacetyl group was chosen for initial in-depth study, because the solid-state 
rearrangement took place over a relatively short time. The mixture of I- and 2-acyl 
compounds was obtained by addition of a solution of methoxyacetyl chloride in 
dichloromethane to a solution of 3-aminopyrazole in the presence of triethylamine. 
The product was a solid, which was a mixture of 1- and 2-methoxyacetyl-3-
aminopyrazole, in 75% yield in varying proportions of the two isomers. 
41 
(ii) Percentage of Isomers Formed in the Reaction 
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2-isomer 	1-isomer 	3-isomer 
2-isomer 1-isomer 3-(acylamido) Addition Length of 
R % % isomer % Time Reaction 
1 hour 20 
-CH20CH3 62 38 0 10 seconds 
minutes 
1 hour 20 
-CH20CH3 78 22 0 10 minutes 
minutes 
1 hour 20 
-CH20CH3 67 31 2 20 minutes 
minutes 
-CH20CH3 0 90 10 20 minutes 3 days 
Previous work had suggested  57  that altering the rate of addition of the acid 
chloride could vary the percentages of the 1- and 2-acyl-3-aminopyrazoles, and so a 
preliminary study of this was made. Table 1 shows the percentages of all three 
42 
isomers for the reaction between methoxyacetyl chloride and 3-aminopyrazole 40 as 
they were isolated. The percentages were obtained from 'H NMR integrals and are 
not reaction yields. 
The results from the table show that the main products are the 1- and 2-
isomers as expected, but there is no consistent trend between the rates of the isomer 
and the addition time. However, in one reaction that was allowed to stand for 3 days 
before work-up, an overwhelming preponderance of the 1-isomer was found; this 
result however could not be repeated. 
It was decided for future acylations in which both isomers were required, the 
best addition time for the acid chloride would be 20 minutes, and the best length of 
reaction would be 2 hours. The reason for this choice was that it gave much better 
overall yields of product. 
(iii) Separation and Characterisation 
Separation of the 1- and 2-isomers was readily achieved by dry flash 
chromatography, using a 50150 mixture of ethyl acetate/hexane as eluant. The first 
compound off the column was identified as 2-methoxyacetyl-3-aminopyrazole 45 
(25%), with the second being 1-methoxyacetyl-3-aminopyrazole 44 (22%). 
These compounds were characterised, by their 'H NMR spectra. Thus the 1-
isomer 44 showed a pair of doublets at oH 8.02 and 5.93 and the coupling constant 
(3.0 Hz) was consistent with literature data 59  for this substitution pattern. In contrast 
the 2-isomer 45 [0,-, 7.35(d), and 5.37(d)] showed a much smaller coupling constant 
(1.7Hz) as expected . 59  These assignments were subsequently confirmed by their X-
ray crystal structure. 
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From the Mass spectra the breakdown of the two compounds appear to be the 
same, as would be expected. Both compounds require the molecular ion to be at m/z 
155 (30% and 21% for the I- & 2-isomer respectively) and this is seen. The major 
breakdown peaks appear at m/z 125 (23% and 20% for the I- & 2-isomer 
respectively), which seems to be due to a McLafferty rearrangement, with the peak at 
m/z 110 (6% for the 1-isomer) that of a a-cleavage. However the 2-isomer shows no 
peak at nilz 110, but both isomers show a series of peaks at mlz 95 (20% and 12% for 
the 1- & 2-isomer respectively), 96 (100% and 53% for the 1- & 2-isomer 
respectively) and 97 (52% and 42% for the 1- & 2-isomer respectively) which as yet 
have not been identified, but will be studied further. 
(iv) Other N-Acyl-aminopyrazoles 
All other N-acyl-aminopyrazoles were made and separated by the same 
method as described in sections C(1)(i) and (iii) respectively, unless otherwise stated. 
They were characterised by their coupling constants 3J (-. 3.0 Hz) formed from a pair 
of doublets of the pyrazolic protons on the ring for the I-isomer (s,-, - 8.00 and 6.00); 
3J (- 1.8 Hz) for the 2-isomer (H - 7.50 and 5.40); and finally 3J (- 2.0-2.3 Hz) for 
the 3-isomer (H - 7.40 and 6.40). Finally in some cases crystal structures were 
obtained for reasons of crystal packing (see Chapter 3/Experimental section) which 
further backed up the characterisation by 'H NMR spectra. 
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(2) Substituents on the 4- & 5-Position of N-Acyl-3-aminopyrazole 
As stated in the introduction it was necessary to study the effect of substituents 
on the 4- and 5-position of the pyrazole on the solid-state reaction. 5-Methyl and 5-i'-
butyl substrates are readily prepared and were available within the group: 3-amino-4-
cyan6pyrazole was commercially available, but 3-Amino-4-phenylpyrazole was 
synthesised as shown in scheme 12.60 
NaOCH3 











(i) 	Preparation of 3-Amino-4-phenylpyrazole 
The best available synthesis of 3-amino-4-phenylpyrazole involves 
formylation of phenylacetonitrile 47 followed by reaction of this aldehyde 48 with 
hydrazine resulting in ring closure to form 3-amino-4-phenylpyrazole 49. 
In the first stage of reaction Phenylacetonitrile 47 was reacted with sodium 
methoxide and ethyl formate in toluene with stirring, and after work up produced a-
formylphenylacetonitrile 48 in 76% yield. 
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In the second stage of reaction, hydrazine hydrate and acetic acid in toluene was 
refluxed with 48, water being removed azeotropically, which after work up produced 
3-amino-4-phenylpyrazole 49 in 31% yield. 
(ii) Characterisation of a-Formylphenylacetonitrile and 3-Amino-4-
Phenylpyrazole 





H OH 	HO H 	 CHO 
48a 	 48b 	 48c 	 48d 
Scheme 13 
cx-Formylphenylacetonitrile 48 can in principle exist in three tautomeric 
forms, Scheme 13, one of which can exist as Z (48b) and E (48c) isomers. In solution 
the Z and E isomers exists in a 1:1 mixture of 48b and 48c. 6 ' An X-ray 
crystallographic study was undertaken to establish if this also occurs in the solid-state. 
It was discovered that in the solid-state 48 exists solely as the Z-enol form (48b, 
Scheme 12).62 
The crystal packing of 48 (Fig. 13.) is dominated by hydrogen bonds between 
the cyano and hydroxy groups of neighbouring molecules, leading to the formation of 
chains, with the links involving hydrogen bonds, which are thought to be the reason 
for the enol forms occurring. There is further stabilisation through it resonance from 
the hydroxy group, via the C=C bond, to the cyano group which also plays an 
important part in the formation of the enol forms. This can be seen in analogues of 
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48a which lack a it—active group conjugated to the carbonyl which do not notably 
adopt the enol form, for example, only 2.9% of phenylacetone is typically present as 
the enol tautomer. 63 The bond lengths of the enol unit in Fig. 13. show this 
delocalisation, with the C—O bond shortened and the C=C bond lengthened relative to 
typical values. 62 
Fig. 13. Crystal structure of a-Formylphenylacetonitrile 48. 
a-Formylphenylacetonitrile 48 was also characterised by its 13C NIvIR spectra. 
Thus, a-Formylphenylacetonitrile 48 gave peaks for the Z isomer Sc 159.69, 
131.82(q), 128.74, 126.76, 124.32, 117.08(q) and 89.63(q); and E isomer 5C 158.15, 
132.37(q), 129.10, 126.73, 124.32, 120.47(q) and 89.82(q) which was consistent with 
the literature data for this substitution pattern. 61 
3-Amino-4-phenylpyrazole 49 was characterised by its 'H NMR spectra. 
Thus, 3-amino-4-phenylpyrazole gave peaks at 5H  7.66 (1H, s), 7.51-7.08 (51-1, m). 
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No —N}T or —NH2 was observed in the spectra, which was consistent with the 
literature data." 
(iii) Mono-acylation of 3-Amino-4-phenylpyrazole 
Methoxyacetyl was chosen as the acyl substituent for 3-amino-4-
phenylpyrazole in order to continue the in-depth study of this acyl substituent, and in 
addition compare it with the relatively short rearrangement time in 1- & 2-
methoxyacetyl-3-aminopyrazole (-4-2 days at 45 °C). 
Therefore 3-amino-4-phenylpyrazole 49 was mono-acylated in the usual way 
with methoxyacetyl chloride, and dichloromethane as the solvent, the mixture of 
products being separated by dry flash chromatography. This produced 1-
methoxyacetyl-3-amino-4-phenylpyrazole 50 in 33% yield and 2-methoxyacetyl-3-










Characterisation of these compounds substituted in the 4-position was made 
more difficult as they no longer possessed a pair of doublets with a characteristic 
coupling constant as with the acyl-3-aminopyrazoles discussed so far, section C(i)(iii). 
However, compounds 50 and 51 were both characterised by their 'H NIMIR spectra, 
which showed one NH2 peak for 50 at oH 5.64 and a CH2 peak at oH  4.66, one NH2 
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peak for 51 at 5H  6.78 and a CH 2 peak at 8H 4.74. These were consistent with the 
standard that had been set by I- & 2-methoxyacetyl-3-aminopyrazole and a range of 
other related 3-aminopyrazole derivatives. These earlier results show that for the 1-
isomer an NH2 peak at 6H  -5.60 and a CH 2 peak at 5H  -4.60, for the 2-isomer a NH 2 
peak at 8H -6.60 and a CH 2 peak at 8H  -4.75 are observed, see C(l)(iii) and 
Experimental sections. The ' 3C NMR spectra showed ten peaks (four of which were 
quaternary) for both compounds; their Mass spectra gave molecular ions of m/z 231, 
which were consistent with the formula C 1 3H 1 5N304 and structures 50 and 51. 
(iv) Preparation of Other 4- & 5-Substituted N-Acyl-3-aminopyrazole 
As described in section C(2), 3-amino-4-cyanopyrazole, 3-amino-5-
methylpyrazole and 3-amino-5-t-butylpyrazole were available in the group. Once 
again they were mono-acylated with methoxyacetyl chloride in order to compare their 





These produced their respective 2-methoxyacetyl derivatives, with no I-
isomer being produced in the acylation reaction. Characterisation of the isomers was 
made by 'H NMR spectroscopy as described in the previous section. The 5-
substituted derivatives are sterically hindered for the reaction at the 1-position, and so 
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the high regioselectivity of these acylations was not unexpected. The case of the 4-
cyano compound was unusual; although all three isomers were apparently present in 
the crude reaction mixture, none of the 1-isomer was obtained from the 
chromatography column. 
In the case of the 5-substituents 2-p-toluoyl-3-amino-5-t-butylpyrazole 52 was 
also prepared (see section D(2)(v)) by acylation of 3-amino-5-t-butylpyrazole with p-
toluoyl chloride and by use of dry flash chromatography separated from its 3-isomer. 
(3) 	Is there a Reaction in Solution? 
Two experiments were conducted to study any apparent rearrangement in 
solution. The first involved refluxing 2-phenylacetyl-3-aminopyrazole in toluene for 
2 hours, the solvent was removed under vacuo and the residue was studied by proton 
NMR, no rearrangement was apparent. In the second experiment 1- & 2-
methoxyacetyl-3-aminopyrazole was set-aside in CDC1 3 at 45 °C for 1 year in a NMR 
tube. Once again there was no apparent rearrangement in solution. 
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Table 2 The half-lives for the rearrangement of mixtures of acylpyrazole 
isomers. 
H 
NH2 	 NI-12 
N ° 
 Cl ~N 





Product Approx. ½ life 
of 2-isomer in the mixture. 
-CL!3 26 3 >10 days 
-CH2CH3 bench 3 1 year 
-CH(CH3)2 bench 3 14 days 
-CH20CH3 25 3 4 days 
- CH20 26 3 4 days 
-CH3 26 3 >lOdays 
- CH2CH3 bench 3 1 year 
- CH2Ph 26 3 8 days 
O-NO2 bench no product no reaction after 2 years. 
NO2 80 3 
<2 weeks approx. ½ life of 
 
2-isomer in the mixture. 
(J 	NO2 80 3 185 days approx. ½ life of 1- 
isomer in the mixture. 
-OCH3 room 
temperature 
no product no reaction after 3 years. 
cç 
c 
Precursor Temp Approx. ½ life 
Product  
-R of 2-isomer in the mixture. 
-OCH2CH1 room 
no product no reaction after 3 years. 
temperature 
-OCH2CH1 80 3 4 weeks 
-NHPh room 
no product no reaction after 3 years. 
temperature 
-NHPh 80 3 6 weeks 
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Product Approx. 1/2 life 
of  
-CH3 	53 45 145 3 3.5 years 
-CH2CH3 	54 45 84-85 3 3 months 
-CH(CH3)2 	55 45 100-101 3 12 days 
-C(CH3 )3 	56 45 65-66 3 4 days 
-CH20CH3 	45 45 121 3 3.5 hours 
-CH3 	53 45 145 3 3.5 years 
-CH2CH3 	54 45 84-85 3 3 months 
-CH2Ph 	57 45 109-110 3 10 days 
-Ph 	58 45 120-121 3 2.5 months 
--O—CH3 
59 
45 141-142 3 2 years 
H3 C 
60 
45 137-139 3 3.5 years  
61 C 45 103-104 n/a(3) 
rearrangement occu rred 
above eutectic temp. 
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Precursor Temp MP Approx. 1/2 life 
Product 
-R °C of  
—' ---OCFJ3 45 111-113 3 13 months 
62 
H3CO 
was not formed in mono- 
n/a n/a n/a 
63 acylation reaction. 
OCH3 
45 95-96 nla 
rearrangement occurred 
64 above eutectic temp. 




45 85-87 n/a (3) 
N 	
50 
above eutectic temp. 
OCH2OCH3 
54 






Precursor Temp Mp Product Approx. 1/2 life 
-R °C °C I &/or3 of  
-CH3 	66 45 76-77 1 & 3 6 days 
-CH2CH3 	67 45 111 Only 3 2.2 years 
-CH(CH3)2 	68 45 81-82 Only 3 9 days 
-C(CH3 ) 3 	69 45 37-38 n/a n/a 
-CH20CH3 	44 45 89 Only 3 24 hours 
-CH3 	66 45 76-77 1 & 3 6 days 
-CH2CH3 	67 45 111 Only 3 2.2 years 
-CH2Ph 	70 45 69-71 1 & 3 17 hours 
-Ph 	 71 rearrangement 
45 59-60 n/a (1 & 3) occurred above 
eutectic temp. 
—0—CH3 45 124-125 1 & 3 11 hours 
72 
H3C 
45 118-119 1&3 Smonths 
73 
CH3 rearrangement 
Q 45 89-90 n/a occurred above 74 eutectic temp. 
55 
Precursor Temp Mp Product Approx. 1/2 life 
-R °C °C 1 &/or3 of  
—'' —OCH3 45 106-108 1 & 3 12 days 
75 
H3CO 
45 87-88 1 & 3 4 months  
76 
OCH3 
















N 45 188-190 23 days 
H3C 	N' >—CH20CH3 
1 as well 
o 	79 
NCNH2 




45 83-84 Only 3 less than 1 year 
0 	81 
56 
Precursor Temp Mp Product Approx. 1/2 life 
-R °C °C I &/or3 of  
NH2 
NCH3 45 129 n/a 
5 months no 
rearrangement. 
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D 	Introduction to the Rearrangement of Acylated 3-Aminopyrazoles 
The tables (2-4) show that the rearrangement occurs in all cases for various 
mixtures of isomers (Table 2) and for the isolated 1- (Table 3)' and 2- (Table 4) 
isomers. 
The solid-state thermal rearrangement was controlled at 45 °C by a 
thermostatically controlled water bath. The reaction was followed by taking samples 
from the reaction at certain intervals and studying them by 'H NMR spectroscopy, 
where the disappearance of the precursor(s) and appearance of the product(s) could be 
followed and quantified, [see experimental section E(7) for following the 
rearrangement by kinetics]. The reaction of the 2-isomer of the mixture (Table 2) 
was followed specifically because this was generally faster than that of the 1-isomer. 
The half-lives are only approximate and were estimated from the kinetics in Chapter 
3. 
Table 2 shows some preliminary results for the rearrangement of solid 
mixtures of acylated 3-aminopyrazoles. It is apparent from the table that the 
rearrangement takes place with a wide range of acyl substituents. Some reactions are 
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clearly substantially faster than others, for example, the acyl group R = —CH 20CH3 
has a half-life of 4 days, whereas R = —CH 2CH3 has a half-life of 1 year. It is apparent 
that the acyl groups R = —CH 2—X rearrange particularly quickly, though the acyl 
group R = —CH 2CH3 is an exception to this. At the other extreme, carbonates R = - 
OCH3 , R = —OCH2CH3 and urea R = —NHPh along with R = p-nitrobenzoyl do not 
rearrange under ambient conditions and will only do so under higher temperatures. 
The half lifes do not appear to vary significantly for the mixtures of isomers and the 
corresponding separated 1- and 2-isomers (Tables 3 & 4). 
From discussing Table 2 it is clear little further information can be sought 
from the mixtures of isomers and further discussion will concentrate on the isolated 1-
and 2- isomers. 
(1) General Observations of the Acyl Migration 
The migration of acyl substituents in acylated-3-aminopyrazoles is found to be 
very general indeed (Tables 2-4), it occurs for a wide range of acyl substituents, and 
even occurs when the pyrazole ring is altered by the addition of substituents on the 4-
& 5-positions. 
With appropriate substituents, this facile reaction can occur under mild 
conditions at room temperature or below (e.g. 1-methoxyacetyl-3-aminopyrazole mp 
121 °C), or at more than 100 °C below the melting point (e.g. 2-methoxyacetyl-3-
amino-5-methylpyrazole mp 188-190 °C rearranges with a half-life of 23 days at 45 
°C). 
The rearrangement has also been found to occur in the melt but not in solution, 
see section (3). In certain examples (such as I- & 2-methoxyacetyl-3-amino-4- 
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phenylpyrazole) the reaction begins in the solid phase but as the reaction proceeds the 
resulting mixture of starting materials and product rises above the eutectic 
temperature. Thus the next period of reaction occurs in the melt. This is until, in the 
final part of the reaction enough product accumulates and the reaction once again 
goes below the eutectic temperature of the mixture of starting materials and product. 
The final phase of reaction thus occurs in the solid-state. 
The time frame for the rearrangement reaction can be anywhere from hours 
(where complete rearrangement occurs at 45 °C) to years in some cases the 
rearrangement is still in progress after 3-4 years at 45 °C. 
The rearrangements of the 1-isomer gives the 3-acylamido product 
exclusively, whereas the 2-isomers generally give a mixture of 1-isomer and the 3-
acylamido product. In a few cases (viz, 44, 67, and 68) the 2-isomers rearrange 
exclusively to the 3-isomer; however it should be noted that for these examples the 
rate of migration of the 1-isomer is faster (or of comparable rate) to that of the 2-
isomer. Hence little or no accumulation of the 1-isomer would be expected. 
Correspondingly, even when the reaction of the 1-isomer is much faster than that of 
the 2-isomer (e.g. 53 and 67), no accumulation of the 2-isomer is found, and hence it 
appears that direct migration to the 3-amino position must take place. Reactions of 
this type must be intermolecular as the mechanism which would be involved for a 
intra-molecular reaction requires a distance and geometry that would make the 
rearrangement 1 -p 3 impossible. 
Finally, there is no obvious reason why the 2 -+ 3 rearrangement should be 
faster than its counterpart I -* 3. 
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(2) Isolated Isomers Undergoing the Solid-state Rearrangement 
The compounds in Tables 3 and 4 were chosen in order to study their specific 
effect on the solid-state rearrangement. Hence the alkyl group of compounds (53-56 
and 66-69) were chosen to study the effect of chain branching and any implicated 
steric effects resulting from this. The aryl group of compounds (58-65 and 71-78) 
were chosen to study any electronic influence, hence the presence of electron 
withdrawing and donating groups, as well as ortho, meta and para positioning of 
substituents to study any steric/packing influence. The —CH 2—X group of compounds 
(44, 45, 53, 54, 57, 66, 67 and 70) were chosen as previous work had suggested they 
rearranged particularly fast and in the same previous work, that the X—R' group of 
compounds (Table 2) were particularly slow. Finally, in looking at substiuents on the 
4- and 5-position of acyl-3-aminopyrazoles a study of any hindrance effect on the 
rearrangement was made possible. 
(i) 	The Alkyl Group of Compounds (53-56 and 66-69) 
The alkyl groups for both the I - & 2-isomers rearrange (at 45 °C) over a vastly 
differing time scale, with approximate half lifes from days to years. With the 
exception of the propionyl group, the alkyl groups of the 2-isomers rearrange faster 
than that of the 1-isomer. 
With the 1-isomers 53-56, there is an apparent trend of the reaction rate, with 
the process taking place faster with increased bulk of the substituent. However the 
corresponding 2-isomer 66-69 does not follow this trend. 
As no general structural effects on the speed of rearrangement could be seen 
other influences were sought. In particular the effect of the melting point on the 
reaction was investigated. Relatively low melting points of starting materials may 
suggest that the mixture of starting materials and products may be nearer the eutectic 
temperature and thus more likely to rearrange faster. Effects of this type have been 
noted previously (see section B(l)(iii)). 23 
In looking at the 2-isomers of the alkyl series in Table 4, an apparent trend 
may exist between the melting point and the speed of rearrangement within this series 
of acyl groups. Thus compound 67 (R = —CH 2CH3 ) is the slowest (mp 111 °C) with a 
half-life of 2.2 years, then 68 (R = —CH(CH3 ) 2 , mp 81-82 °C) with a half-life of 9 
days, then 66 (R = —CH 3 , mp 76-77 °C) with a half-life of 6 days. However, this 
trend is highly non-linear, even within this restricted group of compounds. In looking 
at the same series in Table 3 for the 1-isomer this trend quickly breaks down, with 54 
(—CH2CH3) failing to comply with the trend. With pairs of 1- and 2-isomers in the 
alkyl series (e.g. 53 and 56) it appears that the higher melting points rearrange more 
slowly than the lower melting isomer. This trend is continued in the aryl and the R = 
—CH2—X group of compounds, with the only acyl derivative failing to comply with the 
trend in Tables 3 and 4 that of the methoxyacetyl derivatives (44 and 45). 
Finally, taking the examples R = —CH3 66 (mp 76-77 °C, half life 6 days) and 
R = —CH(CH3 ) 2 68 (mp 81-82 °C, half life 9 days) there is little difference in the 
melting point, half life or structure, but the former rearranges in tandem concurrently 
to the 1- & 3-isomers but the latter does not, see section D(l). 
GO The Aryl Group of Compounds (58-65 and 71-78) 
The substituted benzoyl groups for both the 1- & 2-isomers again rearrange (at 
45 °C) over a vastly differing time scale, with approximate half lifes from hours to 
years. The 2-isomers apparently always rearrange faster than the 1-isomer. It should 
be noted that some of the aryl compounds (58-65 and 71-78) do not produce half lifes 
at 45 °C because they occur in the melt for at least part of the rearrangement. 
Though apparent trends may exist for the melting point or the steric packing 
effects of substituents on the ortho, meta and para positions of the aryl series the lack 
of data prevents any confidence in these trends. However, there is enough data for 
compounds with electron donating or withdrawing groups to exclude any trend in this 
series. A consistent series of 4-substituted benzoyl derivatives with p-Cl, p-Me and p-
MeO groups can be identified for both the I -acyl (64, 58 and 61 respectively) and 2-
acyl (78, 72 and 75 respectively) isomers. The electron donation of these substituent 
groups is reflected in their Hammet —parameters of 0.23, -0.17 and —0.27 
respectively. In practice, 59 (R = Me) has the slowest isomerisation in the 1-series 
and 72 (R = Me) rearranges fastest in the two series. There is therefore no consistent 
trend with the electronic nature of the substituents. 
Finally, in the rearrangement of the aryl series all 2-isomers 71-78 rearrange in 
the solid-state at 45 °C in tandem to produce both the 1- & 3-isomers concurrently. 
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The -CH2-X Group of Compounds (44-45, 53-54, 57-58, 66-67 
and 70) 
One of the trends that is apparent for both the 1- & 2-isomers is that they 
rearrange (at 45 °C) over a vastly differing time scale, and this holds with the R = - 
CH2-X group of compounds as well, with approximate half lifes from hours to years. 
When X = a heteroatom group (OMe, C1 58) or a phenyl group, the rearrangements are 
particularly fast. With the exception of the R = -CH20CH 3 group, the R = -CH2-X 
groups of the 2-isomer rearrange faster than the 1-isomer. In this case the higher 
melting isomer 45 rearranges more quickly than the lower melting isomer 44 (cf 
previous section), and hence this parameter does not have a major influence in the 
reaction rate. 
Once again no apparent trend could be seen for structural effects or for the 
melting point within this series for either the 1- or 2-isomer. 
Finally, though the rearrangement occurs for all the -CH 2-X series only the - 
CH3 and -CH2-Ph groups, 66 and 70 respectively, of the 2-isomers rearrange in the 
solid-state at 45 °C in tandem to produce both the 1- & 3-isomers concurrently. 
The X-R' Group of Compounds (Table 2) 
The X-R' group of compounds, Table 2, as described in section D(2) shows 
the rearrangement of the 2-isomers was particularly slow, at 45 °C though the 
rearrangement does take place at 80 °C. Though not shown in Table 2, the 1-isomers 
of this group of compounds also rearrange at the elevated temperature of 80 °C. No 
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obvious trends exists from the limited data that is available, other than the compounds 
of this series seem to be stable for at least three years at room temperature. 
(v) The 4- & 5-Substituted Acyl-3-aminopyrazoles Group of 
Compounds 
The 4- & 5-substituted acyl-3-aminopyrazoles group of compounds rearrange 
over a wide time scale; no apparent rearrangement has been observed so far in the 
case of 2-p-toluoyl-3-amino-5-t-butylpyrazole 52. Again no trends are obvious for 
either structural effects or in relation to the melting point. 
In the case of the 5-sub stituents it was thought the presence of a sub stituent on 
the 5-position would inhibit the formation of the 1-isomer in the acylation reaction or 
in rearrangement from its respective 2-isomer. However, the methoxyacetyl 
substituent could not be used to test this last point as it had not previously rearranged 
from 2-methoxyacetyl-3-aminopyrazole 44 to its 1- isomer derivative 45. Instead the 
acid chloride was replaced with p-toluoyl chloride, which in the case of 2-p-toluoyl-3-
aminopyrazole 72 rearranged quickly (- one day at 45 °C) to both its respective 1- & 
3-isomers. With this in mind 2-p-toluoyl-3-amino-5-t-butylpyrazole 52 was formed 
and after a period of 3-months at 45 °C no apparent rearrangement had occurred at all. 
This was an unexpected and remarkable as the result suggests that blocking the 5-
position not only inhibits the formation of the 1-isomer but also inhibits the 
thermodynamically stable 3-isomer from being formed. Clearly more time will be 
needed to study the reaction to see if the rearrangement will occur. 
It is apparent from the tables 3 and 4 that the rearrangement time decreases for 
the methoxyacetyl group in the following derivatives: 3-aminoindazole (see Chapter 
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5) > 3-amino-5-methylpyrazole > 3-amino-4-cyanopyrazole > 3-aminopyrazole. This 
trend is also seen for the acyl group p-toluoyl: 3-amino-5-r-butylpyrazole > 3-
aminopyrazole. Clearly steric hindrance is having an effect on the rearrangement 
time when substituents are place on the 4- and 5-position of the pyrazole ring. 
(vi) Conclusions 
From general observations of the tables (3 & 4) several key points may be made: 
The rearrangement is very general indeed. It occurs under mild conditions, 
and in most cases it takes place well below the melting point of reactants. The 
rearrangement occurs in the melt, but is not observed to occur in solution to any 
extent. The time frame for rearrangement is anywhere from hours to years. 
Steric effects have no apparent effect on the rate of reaction, though steric 
effects may be observed for different pyrazole derivatives for a particular acyl group. 
Electronic effects have no apparent effect on the rate of reaction. The melting point 
has no apparent effect on the rate of reaction. Though a melting point effect may be 
observed in pairs of isomers, not even this trend is infallible as the methoxy acetyl 
group (44 and 45) fails to comply with this trend. 
The tendency is for the rearrangement of the 2 -+ 3-isomer to be faster than its 
counterpart I - 3, though there are exceptions to this in the case of the acyl 
substituents ethyl (54 and 67) and methoxyacetyl (44 and 45). The reaction proceeds 
in all cases from the I - 3-isomer and from the 2 -p 3-isomer and for many acyl 
substituents the rearrangements occur in tandem with the 2-isomer rearranging to the 
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I- & 3-isomers concurrently. However the migration of the acyl group from the 1 -* 
2-isomer has not been seen as might be expected. 
The overall conclusion is that, having investigated a wide range of migrating 
acyl substituents, neither steric, nor electronic, nor melting point factors are 
responsible for controlling the rate of this solid-state rearrangement. 
- Is the reaction controlled Topochemically or as a result of crystal defects? 
The fact that the rearrangement is so facile for a wide range of acyl substituents would 
suggest that it is not Topochemically controlled. For example Bergman et a1 6 (section 
B(i)) could not replace the migrating methyl group with any other alkyl substituent in 
his thermal Topochemical process. In Chapter 2 the crystal packing arrangement of 
typical acylpyrazoles will be described and so it will clearly be seen if the reaction is 
set up to be Topochemically controlled or not. 
Further, preliminary remarks may be made in relation to the reaction being 
inter- or intra-molecular or both. If the reaction is inter- or both inter- and intra-
molecular almost any rearrangement might be expected and only a labelling study can 
differentiate between these. However if the reaction is entirely intra-molecular the 1-
isomer must rearrange to the 2-isomer, which in turn must rearrange to the 3-isomer 
(as the mechanism for the intra-molecular rearrangement 1 -+ 3, would result in a 
distance and geometry that would make the rearrangement impossible). However, no 
apparent formation of the 2-isomer occurs from the 1-isomer in any of the 
rearrangements. The true mechanism (inter-, intra-molecular or both) becomes 
apparent after the double labelling experiment in Chapter 4. 
E 	The Crystal 
Is the Reaction Topochemically Controlled or Not? 
The question of whether the thermal rearrangements are Topochemically 
controlled or are the result of crystal defects was not satisfactorily resolved in Chapter 
1. Certainly the fact the reaction is very general is unlike some previous 
Topochemical reactions, 6 but does not preclude the rearrangement having its reactant 
molecules juxtaposed ready to react. In addition it is possible that both the intra- and 
inter-molecular reactions are taking place in our tandem solid-state reaction, as one 
process might be intra- and the other might be inter-molecular. So we may see one of 
the isomers stacked with its reacting counterparts favourably aligned ready to react. 
In order to determine which factor is operating the crystals were observed 
undergoing their solid-state rearrangement in a photographic study, initially, and later 
an X-ray crystal structure study was undertaken to resolve the problem. 
The crystals were generally grown for both the photographic and X-ray crystal 
structure study by dissolving the isolated isomer in a chosen solvent which was then 
allowed to evaporate slowly at room temperature from a small vial, leaving a 
collection of grown crystals to chose from. 
The Photographic Study 
Previous research had in certain cases shown that the actual solid-state 
rearrangement could actively be observed to occur under a microscope, 65  so a 
photographic study was undertaken to find out if this was possible in our case. 
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L I Fig. 14. 
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Figures 13-16 The thermal rearrangement in a single crystal over 14 days. 
In a Topochemical reaction the integrity of the crystal should be maintained 
throughout the reaction, but the reverse is true of a reaction that is brought about by 
crystal defects. In a Topochemical reaction the rearrangement should occur 
throughout the bulk of the crystal, whereas in a reaction controlled by crystal defects 
the reaction is initiated locally at points of defects or near impurities. 
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When a single crystal of 44 (R = —CH20CH 3 ) was placed under a microscope 
between cross-polarising lenses, the crystal appeared totally clear (Fig. 13.). The 
crystal was then photographed over a period of 14 days. After 8 days there was little 
visible change (Fig. 14.) However, by the 10th day (Fig. 15.) clearly visible spots 
appeared on the surface of the crystal. These rapidly encompassed the crystal by the 
14th  day (Fig. 16.). When the crystal was pricked it shattered showing the forces 
holding the crystal together were totally overcome by the rearrangement. These 
observations imply that the reaction takes place by a non-Topochemical process 
involving crystal defects. 
(3) The X-ray Crystal Structure Study 
If a Topochemical mechanism was to have been observed then the 1- and 2-
isomers would have their molecules arranged in stacks with their reacting 
counterparts aligned and ready to react. In the case of the 3-isomers (had a 
Topochemical process been observed with either its 1- or 2-isomer counterparts) a 
molecular packing arrangement would be expected based on its related 1- or 2-isomer 
counterparts. If no stacking appears evident in the crystal lattice then the reaction 
must be occurring as a result of crystal defects as an intra-molecular mechanism can 
now be ruled out by the following reasoning. 
An intra-molecular mechanism is not believed to occur, since the distance and 
the geometry required for the 1 -* 3 rearrangement is all but impossible. In addition 
the I -* 2 reaction is not observed to occur (Chapter 1) ruling out the I -* 2 -p 3 
mechanism. This means only the 2 —+3 and 2 -+ I intra-molecular rearrangements is 
still possible. This in turn means that both the inter- and intra-molecular reactions 
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must be occurring in unison in this system and this was thought increasingly unlikely 
based on the results of the labelling experiment (Chapter 4). This study of the crystal 
lattice of various isomers concentrated on a proposed intermolecular mechanism for 
the three possible rearrangements that are observed to occur I —3, 2 -* 3 and 2 —+1. 
The observations of the photographic study together with the reaction being 
very general (chapter 1) show mounting evidence against a Topochemical 
mechanism. Indeed the X-ray crystal structure study confirms this evidence that the 
thermal solid-state rearrangements do not adopt a Topochemical approach, .where the 
molecules are aligned ready to react, the evidence of which is seen in the crystal 
packing of various N-acyl and acetamidopyrazoles. 
The first acyl group of compounds to be studied were the propionyl 
derivatives (54, 67, and 82 the 1-, 2- and 3-isomers respectively), which were chosen 
for their lengthy half lives ( ~! 3 months at 45 °C) allowing the crystal to be grown and 
the data collected for X-ray crystal analysis before any substantial rearrangement 
could occur. The second acyl group to be studied was that of the p-anisoyl group of 
compounds (62 and 75 the I- and 2-isomer respectively) which had failed to rearrange 
at 25 °C over a period of 18 months. The final acyl group to be studied was that of the 
methoxyacetyl group (45, 44 and 83 the 1-, 2- and 3-isomers respectively). These R = 
—CH2—X group of compounds were chosen because their rearrangements were 
particularly fast (ty2  !~ 1 day for both the 1- and 2-isomers at 45 °C). 
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(i) 	Review of the Geometry for Topochemically Controlled Reactions 
The crystal packing of reactants for a Topochemically controlled thermal 
solid-state reaction must have not only an appropriate distance between reactants but 
must also have a favourable angle of approach. 
In Bergman's SN2 displacement reaction (section B(1)(i)) the distance 
between reacting counterparts is 3.54 A and the angle is 147°. The distance for 
reaction is within the ideal range 3.5-4.2 A for a Topochemical process and the angle, 
is not to far from the ideal 1800  needed for a SN2 displacement reaction. 
In a second example (section B( 1 )(V)) the reacting counterparts are separated 
by a distance of 2.9 A and are practically aligned (-180°) for this Chapman like 
reaction. 
What appears evident from these examples and the ones to come is that for 
reactions where one factor is in the ideal range (e.g., the angle of approach or the 
distance between reacting counterparts) it can allow, in certain examples, the other 
factor to fall above or below the ideal range and still permit the reaction to occur. 
The original rules for the geometry of Topochemical processes originate from 
the photochemical solid-state reactions, and in particular cycloaddition reactions by 
Schmidt. 17-19 
Schmidt made several conclusions for a Topochemically controlled reaction 
from photochemical and crystallographic studies in cinnamic acids. He postulated 
'The nature of the crystal structure determines whether or not the reaction occurs and 
the molecular structure of the products, if any' and 'The reaction involves 
combination between the nearest neighbour molecules in a stack, and occurs with a 
minimum of atomic or molecular movement'. He also noted that the distance 
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must also be aligned parallel for cycloaddition to occur. These Topochemical 
postulates in organic solid-state photochemistry are now used as rules in 
understanding a large number of photodimerisation reactions of widely varying 
structure. 17-19 
Recent studies of olefinic crystals however provide examples, which 
significantly deviate from the Topochemical principles. 5 These show that though a 
general limit is now set for the distance criteria at 3.5-4.2 A, it can be as high as 4.7 
A. This is seen in the photodimerisation of 7-chlorocoumarin 84 which reveals that 
two potentially reactive 7-chlorocoumarin molecules are separated by a distance of 
4.45 A. 5 
hv X_Ca 
Solid 
84 X = 7-chloro 
85 X = 7- methoxy 
(syn head to head) 
Schmidt placed great emphasis in the parallel alignment of double bonds as he 
did in the distance criteria. This is in general still true, where reactive double bonds 
have the right distance but fail to be aligned parallel show no reaction. However there 
are a few exceptions, one example is in the crystals of 7-methoxycoumarin 85 even 
though the reactive double bonds have a favourable distance of 3.83 A, the double 
bonds are not favourable aligned parallel (the double bonds are rotated 65° with 
respect to each other). 5 
72 
Finally the Topochemical postulate states the 'reaction in the solid-state is 
preferred and occurs with a minimum atomic or molecular movement'. 1749  This 
implies that a degree of motion of various atoms in the crystal is tolerable. 
Taking this into account, it is plausible that the formation of a cyclobutane 
ring, with lengths of 1.54 A, may permit the double bonds to undergo a total 
displacement of 2.64 A toward each other from the original maximum of 4.2 A. Even 
under these ideal conditions for dimerisation to occur double bonds must move 
towards each other. 5 
Such motion may involve: 
. 'Rotation of double bonds with respect to each other (to bring 
parallelism from a non-parallel arrangement)'. 
. 'A rotation about its own C=C axis (to achieve a maximum overlap 
of the it orbitals)'. 
. 'Translation of double bonds in the plane of the molecule'. 
. 'Movement along the C=C double bond axis may become 
necessary before dimerisation can take place'. 
These motions were studied in more detail by reviewing the 
photodimerisations of several coumarins. There are several geometrical parameters 
that describe the relative orientations of reactive double bonds (Fig. 17.): 
. The distance between reactive double bonds (in A). 
• e1, 'is the rotational angle of one double bond with respect to 
another.' 
• 02, 'is the displacement along the double bond axis which is 
described in Fig. 17., as corresponding to the obtuse angle of the 
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parallelogram formed by the double bond carbons C3,C4,C3, and 
. e3, 'is a measure of the displacement in the molecular plane, 
therefore e3 measures the angle between the least square plane 
through the reactive bonds C3,C4,C3 1, and C4' and that passing 
through C2',C3,C4, and Cio'.' 






Fig. 17. Geometrical parameters used in the relative representation of potentially 
reactive double bonds 
The reactive coumarins in Table 5 exemplify double bonds that are not ideally 
placed. 5 They are co-planar and parallel but are displaced with respect to each other 
both in the molecular plane and along the double bond axis. The configuration of 
dimers for the coumarins in Table 5 are the result of molecular packing in the crystal. 
This would imply the motions of the molecules in the molecular plane and along the 
double bond axis are not only required but do indeed occur in the crystal lattice. 5 
Finally in our case, for a Topochemical reaction to be observed the distance 
must be within the range 2.9-4.7 A (but the ideal range is 3.5-4.2 A) and the angle of 
approach of the reacting counterparts must be near to the BUrgi-Dunitz angle of 109 1 
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pair I (translation) 4.45 131.4 85.3 0.287 
0 
pair II (centrosymm) 4.12 127.9 107.0 0.936 
4-methoxy-7- 
4.08 0 121.4 88.53 0.011 
coumarin 
7-acetoxycoumarin 3.83 0 106.4 125.5 1.329 
8-methoxycoumarin 
pair I 4.07 0 122.4 63.8 1.565 
pair  3.86 0 117.4 112.9 1.333 
7-methoxycomarin 3.83 65 
Ideal values 4.2 0 90 90 0.0 
expected for this type of reaction. Table 6 shows the distances and angles between 
reacting counterparts. From the literature of thermal solid-state reactions these are 
generally comparable with our distances. The distance between potentially reacting 
For a definition of geometrical parameters see Fig. 17. 
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functional counterparts for the propionyl (54 and 67), anisoyl (62 and 75) and 
methoxyacetyl (44 and 45) derivatives are within acceptable limits according to 
available literature data (i.e., the ideal distance between reacting counterparts is 3.5-
4.2 A but can be anywhere from 2.9-4.7 A) for both photochemical and thermal 
induced solid-state reactions. The compounds in Table 6 all have one distance in the 
ideal range and one outside this range but still acceptable. However, the angle of 
approach of potentially reacting functional groups is not favourable at all with angles 
generally either <40° or> 1500,  nowhere near the necessary 1090  Burgi-Dunitz angle 
needed for reaction. Even the literature data for photochemical and thermal induced 
reactions have an angle of approach ± 30° of the ideal, section E(3)(i). 
(ii) The Crystal Packing of 1- and 2-Propionyl-3-amino-, 
and 3 -Propionamidopyrazoles 
In Figures 18-20 there is no Topochemical approach adopted with the 
molecules arranged in stacks and their reacting counterparts aligned and ready to 
react. Instead the crystal packing in all three isomers is dominated by hydrogen 
bonding. 
Figure 18. shows the crystal packing for the I -propionyl-3-aminopyrazole 54, 
dominated by hydrogen bonding. It clearly shows that there are no stacks of 
molecules but instead the hydrogen bonding forms dimers with the hydrogen atom of 
the exocyclic nitrogen of one molecule hydrogen bonding to the N2 ring nitrogen of 
another, and vice versa, to form the dimer. Contacts to other molecules take place 
through the second hydrogen atom of the exocyclic amino group forming a hydrogen 
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Fig. 20. The crystal packing showing the nearest neighbouring molecules to 3-
propionamidopyrazole 82. 
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bond with the oxygen atom of the carbonyl of other molecules. As described the 
hydrogen atom on the exocyclic nitrogen is involved in the hydrogen bonding to the 
nitrogen on the ring, making the exocyclic nitrogen too far away to react with the 
carbonyl of the acyl group on an adjacent molecule. It is therefore concluded once 
again that these processes take place at defects in the crystalline lattice for 1-
propionyl-3 -aminopyrazole. 
Figures 19 and 20 show similar features with no Topochemical process being 
observed. For the 2-isomer 67 (Fig. 19.), only the N3 contacts with the carbonyl are 
described in Table 6, as there are no contacts <. 4.47 A between the N  ring nitrogen 
and the carbonyl. The molecules of 67 again form dimers except this time the 
hydrogen atom of the exocyclic nitrogen of one molecule hydrogen bonds to the 
carbonyl of another, and vice versa, to form the dimer. With contacts to other 
molecules through the second hydrogen atom of the exocyclic amino group forming a 
hydrogen bond with the Ni ring nitrogen of another molecule. The reaction is 
therefore hampered by the prevalent hydrogen bonding of the crystal lattice with 
neither the Ni nitrogen of the ring or the exocyclic nitrogen being in a suitable 
position to react. 
For the 3-isomer 82 (Fig. 20.), the crystal packing is again dominated by 
hydrogen bonding. Of course no relation would be expected to be observed in the 
crystal packing as neither the 1- nor the 2-isomers showed a Topochemical process. 
The hydrogen bonding forms dimers with the hydrogen atom of the exocyclic 
nitrogen of one molecule hydrogen bonding to the N2 ring nitrogen of another, and 
vice versa, to form the dimer, with contacts to other molecules through the second 
hydrogen atom on Ni of the ring nitrogen forming a hydrogen bond with the oxygen 
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Fig. 22. The crystal packing showing the nearest neighbouring molecules to 2- 
anisoyl-3-aminopyrazole 75. 
(iii) The Crystal Packing of 1- and 2-Anisoyl and 3-
Anisamidopyrazoles 
The p-anisoyl group of compounds were chosen as being typical of N-aryl 
examples, in addition the 2-isomer rearranged much more quickly 0112 12 days) than 
the ethyl compound 75 above. 
The 1- and 2-isomers (Figures 21 and 22 respectively) show their crystal 
packing is again dominated by hydrogen bonding with no plausible mechanism for 
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reaction being seen. Once again as with the propionyl derivatives the l-p-anisoyl 
derivative 62 forms dimers in the solid-state with contacts to other molecules made 
through the second hydrogen atom of the amino group hydrogen bonding to the 
oxygen atom of the carbonyl of another molecule. However the 2-p-anisoyl 
derivative 75 does not form dimers in the solid-state but instead a hydrogen atom of 
the amino group forms a hydrogen bond to the oxygen atom of the carbonyl of the 
same molecule, with inter-molecular contacts formed through the second hydrogen 
atom of the amino group hydrogen bonding to the NI of the ring nitrogen of another 
molecule. 
(iv) The Crystal Packing of 1- and 2-Methoxyacetyl and 3-
Methoxyacetamidopyrazoles 
The methoxyacetyl group of compounds (Figures 23, 24 and 25) were 
expected, if a Topochemical reaction was occurring, to show a favourable 
Topochemical arrangement if any acyl group was going to show one as their half lives 
were less than 1 day at 45 °C. 
However, none of the methoxyacetyl derivatives show any stacking or 
evidence for a possible mechanistic pathway. Again the crystal packing of the three 
isomers is dominated by hydrogen bonding which make the nitrogen Of the ring and 
the exocyclic nitrogen too far away and at the wrong angle of approach to react with 
the carbonyl. Once again, as with the propionyl derivatives, the methoxyacetyl 
derivatives 44, 45 and 83 form dimers in the solid-state with contacts to other 
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Fig. 24. The crystal packing showing the nearest neighbouring molecules to 2-
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Fig. 25. The crystal packing showing the nearest neighbouring molecules to 3-
methoxyactamidopyrazole 83. 
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Table 6 The distance and angle of approach between reacting counterparts. 
Distance between Angle of approach of 
Compound (Fig. X.) potentially reacting potentially reacting 
counterparts. counterparts. 
1-isomer 54 N31-Cl 1 N ... C=O 
R = –CH2--CH3 4.439 A 171.90 
Fig. 18. 3.908 A 31.60 
2-isomer 67 N31-C21 NC=O 
R = –CH2–CH3 4.347 A 151.70 
Fig. 19. 4.139 A 19.80  
N3'-C6 N ... C=O 
1-isomer 62 
4.353 A 147.90 
3.884 A 37.90 
R= 	Q 	OCH N3-C6' N . •C=O 
3.999 A 138.7° 
Fig. 20. 
3.941 A 32.70 
2-isomer 75 N3-C6 N ... C=O 
4.062 A 143.1 0  
R = —0---OCH3 4.029 A 79.7° 
Fig. 21. 
1-isomer 45 N3-C6 NC=O 
R =–CH2OCH3 4.444 A 168.20  
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Fig. 22. 3.957 A 50.60 
2-isomer 44 N3-C6 N C0 
R = —CH20CH3 3.84 A 33.0° 
Fig. 23.' 4.35 A 125.70 
1.86 A 35.1 0  
3.82 A 36.60 
4.48 A 116.00 
3.87 A 35.40 
419 A 128.80  
(iv) The Intra-molecular Geometry in the Crystal lattice of Various 
Isomers 
In comparing the bond lengths of the 1-propionyl 54, 1-p-anisoyl 62, and 1-
methoxyacetyl 45, derivatives there are no significant differences observed in the 
bond lengths of either the pyrazole ring or the carbonyl group. 
This trend is continued with the 2-isomers (for 2-propionyl 67, 2-p-anisoyl 75, 
and 2-methoxyacetyl 44, derivatives) and the 3- isomers (for 3-propionyl 82 and 3-
methoxyacetyl 83, derivatives). 
There are however substantial differences in the bond lengths of all bonds, in 
the pyrazole ring and the bonds to the carbonyl, between the 1 and 2, 2 and 3, and 
44 was collected as a twin crystal with four molecules involved in close contacts 
this is the reason for so many possible reacting counterparts. 
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finally the I and 3 isomers. Clearly the change in position of the acyl groups on the 
pyrazole ring is having a large effect on the bond lengths. 
In the solid-state the hydrogen atom appears to favour bonding to the N  (over 
the N2) ring nitrogen on the pyrazole ring of the 3-isomers (for 3-propionyl 82 and 2-
methoxyacetyl 83 derivatives), whereas in solution it is believed to be constantly 
interchanging between the N  and the N2 ring nitrogen atoms. 59 
(5) 	Conclusions 
There is clearly no Topochemical arrangement operating in the thermal solid-
state reactions of either the 1- or 2-isomers of N-acyl-3-aminopyrazoles. The 
evidence is overwhelming, not only is the reaction being very general, but also the 
reaction is observed not to occur throughout the bulk of the crystal in the 
photographic study and in addition the integrity of the crystal is not maintained 
throughout the reaction. 
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F 	Kinetics of N-Acyl-3-aninopyrazoles and their Derivatives 
(1) Brief Review of Complicating Factors Found in Kinetics 
As described earlier in section A(6), there is a major problem in following 
solid-state reactions. Few studies show well defined kinetics for solid-state reactions 
that often show complex rate behaviour that must take account of: induction periods, 
autocatalytic effects, sigmoid-shaped kinetic curves, sample history and particle size. 
Previous work 57  had suggested that the kinetics of N-acyl-3-aminopyrazoles followed 
first order kinetics, however a more in depth study reveals complex rate behaviour. A 
brief review of the literature is therefore appropriate to seek explanations of these 
complex-contributing factors. 4,22 
(i) 	Sample History 
The sample history of a particular crystal sample may have a substantial effect 
on the reactivity of a solid. Unlike gases or liquids, crystal substances retain scars 
from handling and preparation, which in turn can influence their subsequent 
reactivity. Damage to external surfaces of crystals leading to superficial lattice 
imperfections or scratches create areas that are more likely to be chemically reactive 
than areas where the crystal face is perfect. So the reactivity of a particular sample 
may be proportional to the concentration of defect/active sites. 
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Particle Size 
In addition to sample history, particle size is important, with the surface area 
of a solid often controlling the rate of a chemical process. Large grown crystals tend 
to form more perfect crystals and therefore are slower to react than crystals that have 
been ground to a powder creating defect/active sites from which the reaction can 
proceed. 
Sigmoid-Shaped Kinetic Curves 
In some solids, once nuclei have been established, there is a constant rate of 








(I -a) amount of unreacted material 
Fig 26. Shows the interpretation of sigmoid (1-(x)—time curve in terms of nucleation 




In Fig. 26., the appearance of the crystal at various stages on the (1-a)—time 
plot is shown. Stage (a) represents the beginning of reaction, where only a small 
number of molecules have reacted. The nuclei are few in number and are randomly 
scattered on the surface of the crystal. The reaction is slow during this stage, as the 
area of reactant-product interface is small. Later in the reaction, during stage (b), 
some nuclei have grown significantly, while other nuclei have formed on the surface 
of the crystal. The rate of reaction has greatly increased during stage (b) because the 
reactant-product interfacial area has expanded with the progress of reaction. During 
stage (c), nuclei overlap so that the whole surface has undergone reaction and further 
nucleation cannot occur. Reaction interfaces may continue to grow but only towards 
the interior regions of the crystal, which still contain unreacted material. As the 
reaction proceeds it results in a progressive decrease in the area of reactant-product 
interface, with the reaction now in a deceleratory stage. 
More than one standard type of sigmoid-shaped kinetic curve has been 
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Fig. 27. Shows typical sigmoid (l-(x)—time curves for solid-state thermal reactions. 
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(a) 	This sigmoid (l-a)—time curve is deceleratory throughout, where the rate 
decreases as the reactant is consumed. 
The sigmoid (l-a)—time curve has a short initial acceleleratory period 
followed by continuous deceleratory period until the reaction is complete. 
This sigmoid (1-a)—time curve produces a more pronounced acceleratory 
period followed by a deceleratory stage. 
This sigmoid (l-a)—time curve shows a complex reaction is occurring over 
two stages, beginning with an initial deceleratory reaction producing a small 
total yield (probably from a reaction limited to the surfaces of the reactant 
crystal) followed by a sigmoid-shaped a—time curve similar to that shown in 
Fig. 27. (C). 
(iv) The Prout-Tompkins Equation 
Researchers have attempted to explain the kinetic curves created form organic 
and inorganic solid-state reactions. They formed a nuclei-growth model to explain 
these kinetic curves and in particular derived an equation, the Prout-Tompkins 
equation (1) see section A(6), to describe the sigmoid-shaped kinetic curves observed 
in both organic and inorganic solid-state reactions. 
The Prout-Tompkins equation (1) assumes the rate of reaction is controlled by 
linearly growing nuclei in which the mechanism is a chain-branching type process. 
Indeed the equation has met with much success in its ability to follow several organic 
and inorganic solid-state reactions. However the Prout-Tompkins equation (1) can 
only be used when a reaction has already started. Its failing to follow the beginning 
of a reaction means it fails to explain the problem of irreproducibility associated with 
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solid-state kinetics. The presence of varying amounts of defect/active sites would 
certainly explain why solid-state reactions have a certain irreproducible factor. 
Therefore as will be explained shortly, a variation of this Prout-Tompkins equation will 
be used to describe the kinetics of N-acyl-3-aminopyrazoles and take account of a 
varying number of active sites already present in samples before reaction. This will 
account for the irreproducibility of both our own kinetics and possibly that of other 
solid-state reactions. 
(2) The Background to the Kinetics of N-Acyl-3-aminopyrazole and 
their Derivatives 
The solid-state rearrangement was controlled at various temperatures by a 
thermostatically controlled water bath. 
The reaction was followed by taking samples from the reaction at certain 
intervals and studying them by 'H NMR spectroscopy, where the disappearance of the 
precursor(s) and appearance of the product(s) could be followed and quantified, [see 
experimental section J(7) for following the rearrangement by kinetics]. 
The solid-state rearrangement was followed at three different temperatures: 
- at 25 °C, the 1- & 2-methoxyacetyl-3-aminopyrazole, 45 and 44 respectively, 
were chosen in order to build on our in-depth knowledge of the acyl group 
methoxyacetyl, but also for their relatively quick rearrangement times. In 
addition it was hoped the study would show how reproducible the reaction was 
by repeating the same reaction several times under the same conditions. It was 
also hoped to show if there was any effect on reaction when the nature of the 
sample was altered. For example growing small crystals by removing 
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solvent rapidly in vacuo, growing large 'perfect' crystals by recystallisation, 
and finally preparing a ground sample to introduce defect/active sites into the 
crystal by use of a motor and pestle. Finally it was hoped to observe if our 
model (equations (5), next section) would give a good fit with the kinetic data. 
- at 45 °C, in order to study a wide range of compounds to obtain a 
general overview of solid-state reactions of N-acyl-3- 
aminopyrazoles. To see if our model (equation (3)) will fit with 
the kinetic data not only for the wide range of compounds, but also 
to find out if it will fit irrespective of time scale, as the complete 
rearrangements occur anywhere from hours to years. 
- And at 35 °C, to compete our data on the 2-methoxyacetyl-3-
aminopyrazole 44 and to allow an estimate of the activation energy 
over the three temperatures. 
It should be noted that several kinetic data sets apparently stop in mid-
reaction. This is either due to the sample having been consumed or the precursor 
rearranging over a period of years, and therefore clearly could not be followed, but it 
is not due to the reaction having actually stopped. 
(3) A Qualitative Study of the Kinetics of 1- & 2-Methoxyacetyl-3-
aminopyrazoles 
What is clearly evident for both the 1-methoxyacetyl-3-aminopyrazole 45 
(Fig. 28-30) and 2-methoxyacetyl-3-aminopyrazole 44 (Fig. 31-33) is that neither 
compound produce ideal reproducible data, even though each compound was 
prepared and isolated in the same way. For the 1-isomer 45 (Fig. 28-30) there appears 
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to be two types of curve: one that approaches, but is not, a first order exponential, and 
a second curve, which is sigmoid in shape. It should be noted that previous work 
proposing the kinetics of N-acyl-3-aminopyra.zoles 57  gave a good agreement with first 
order kinetics has not been up held. 
The nature of the sample was studied to find out if there was any variation in 
the behaviour of crystals of different size and history. Certainly, the large crystals that 
were grown for both the 1-isomer 45 (sample 2, Fig. 30) and 2-isomer 44 (Fig. 33) 
appeared to have substantially longer rearrangement times than the ground crystals and 
small crystals. With respect to the reactions shown in Fig. 30. It should be noted that 
the average size of the crystals of sample 1 were smaller than those of sample 2. One 
point to note with these large grown crystals is that if an induction period were to be 
observed, then it would be observed with these large relatively defect free crystals. 
Yet no apparent evidence for induction periods is seen. 
There is no significant difference in the rearrangement times for the small 
crystals and ground crystals. The data for small crystals (Fig. 29 & 32) and the ground 
crystals (Fig. 28 and 31) appear to be in error qualitatively only by 300%, though 
there is not sufficient data from the kinetics to compare the large grown crystals (Fig. 
30. and 35). 
There is the suggestion that as some kinetic runs in the early stages of reaction 
are rapid (concave) and others begin slowly, with their rapid period in mid reaction 
(convex/or sigmoid) that there is more to this solid-state reaction than an "inherent" 
rate of rearrangement. In fact, it may also include a nucleation factor before the 
rearrangement even begins. This would certainly account for any discrepancy between 
the two types of curves observed, concave and convex/sigmoid. Thus it could be 
imagined that a sample whose past history or preparation has introduced a 
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large number of defect or active sites would begin its rearrangement rapidly (the 
concave shaped curve), as opposed to another sample where a relatively low 
concentration of defects /active sites were present at the beginning of the 
rearrangement. 
The question must therefore be, is it possible to deconvolute this model just 
presented and obtain a good fit for the kinetic data as well as obtaining the "inherent" 
rate constant? 
It is clear that the Prout-Tompkins equation would fail as it assumes zero or 
very nearly zero defect/active sites already present in the sample. But a modified 
version of the Prout-Tompkins equation, which takes account of the defect/active sites 
already present at the beginning of reaction, may work. 
If the above model holds then the kinetic equation derived by Dr. K.G. 
McKendrick, at University of Edinburgh should work. 
The equation comes from the following physical ideas: 
The Prout-Tompkins rate law is: 
da/dt = k'a (1-(c) 	(2) 	(rate law) 
Where cc = suggests the rate of reaction is proportional to the fraction of 
material that has reacted, it assumes that active sites are generated from the sites 
where molecules have reacted. (1- cc) = is the fraction of unreacted material. 
The integrated form of this equation is: 
In (a/i-a) = kt + C (1) 	(integrated rate equation) 
This equation shows the rate is proportional to the fraction that has reacted 
(cc). If no material has reacted then the rate is zero, a = 0 at the start. The Prout-
Tompkins equation is therefore only applicable once the reaction has started and 
between the limits 5-90% of material that has reacted. 
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Clearly in our case another parameter is needed, 3 (beta). 
Assuming that reaction generates new active sites in proportion to the fraction 
of molecules which has reacted, a modified Prout-Tompkins equation: 
daldt = k'((x + 13)(1-0041+13) 	(3) 	(rate law) 
may be written. At all times during reaction, (a + )/(1+13) = the fraction of 
molecules at active sites, and (1-(x) is the fraction that is still unreacted. 
As in the original Prout-Tompkins equation, we assume that the reaction rate 
is proportional to these two quantities. As some molecules are already at the active 
site at the start, this equation applies at all stages of reaction. 
The integrated version of this rate equation is: 
In [(a + 13)113(1-a)] = kt <> In [(a + 13)1(1-a)] = kt + In 13 	(4) 
This is rearranged to give: 
a = 13(e-1)/(1 + 0 e) 	(5) 
The equation (5) in this form was fitted against the kinetic data in a 
non-linear least squares fit. For practical reasons 1-a was plotted to enable the 
graph to start from 100% unreacted material i.e.,1-a = 113(eld —1)1(1 + 13  e'). 
In addition a normalisation constant A was used to take account of the kinetic 
runs that did not start at 100% unreacted material, equation (6): 
	
(1-(x) = A[1-13(e-1)/(1 + 13 e')] 	(6) 
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Fig. 28. Shows the decay of ground Fig. 31. Shows the decay of ground 
crystals of 1 -methoxyacetyl-3- crystals of 2-methoxyacetyl-3- 
aminopyrazole 45 at 25 °C. aminopyrazole 44 at 25 °C. 
100 lao. 
• 	Decay of 45(1-Isomer), sample 1 
• 	Decay of44(2-isomer), sample 1 
 
£ 	Decay of 44 (2-Isomer), sample 2 
80\ 
A 	Decay of 45(1-Isomer), sample 2 
, 	Decay of 45 (1-isomer), sample 3 
80. No formation of 45 (lsomec) occurs 
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Fig. 29. Shows the decay of small Fig. 32. Shows the decay of small 
crystals of 1 -methoxyacetyl-3- crystals of 2-methoxyacetyl-3- 




. 	Decay of 45 (1-isomer), Sample 1 
A 	Decay 0145 (1-isomer), Sample 2 
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Fig. 30. Shows the decay of large 	 Fig. 33. Shows the decay of large 
grown crystals of 1 -methoxyacetyl-3- grown crystals of 2-methoxyacetyl-3- 
aminopyrazole 45 at 25 °C. 	 aminopyrazole 44 at 25 °C. 
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(4) A Quantitative Study of the Kinetics of 1- & 2-Methoxyacetyl-3-
ammopyrazoles 
The model derived in the previous section was tested by fitting the data of the 
decay of the 1-isomer 45 or the 2-isomer 44 against time using equation (5) to give 
the fits in Fig. 28-33 and the data obtained from these fits including the rate constants 
are shown in Table 7. 
The decays of the 1-isomer 45 and the 2-isomer 44 gave good fits for both the 
small crystals and the ground crystals but not for the large crystals. 
The rate constants for the 1-isomer 45 varied by a factor of 2-3, which was not 
felt to be to significant, except for the large grown crystals which were in error by a 
much more significant factor of 10, for sample 2 Fig. 30. 
These conclusions were generally repeated for the 2-isomer 44 with the rate 
constants of the ground crystals and small crystals varying by only a factor of 2-3. 
But again the grown crystals gave a nonsensical negative value of k, which clearly 
showed the equation was not giving a good fit. It should be noted that for the large 
grown crystals of the 1-isomer 45, and the 2-isomer 44 failed to decay to zero (in fact 
stopped at - 3 5%). This may account for the failure of the equation to fit the data 
sets, as insufficient data would be available to define the curve. It is also possible that 
these large, defect free and almost 'perfect' crystals rearrange a great deal more 
slowly because of the lack of defect/active site, this has been observed in the past . 26 
It should be noted for kinetic runs with a good amount of data over the whole 
range of decay between 100-0% showed A approaching 100% (e.g., sample 1 ground 
crystals of the 2-isomer 44 Fig. 31.). But where the rearrangement either begins 
95 
Therefore when a reasonable range of data exists over the entire decay range 
(100-0%), the rate constant is out by only a factor of 2 and any variation in beta is 
accommodated. In addition a sigmoid-shaped curve is observed. 
The column denoted chi'2 in Table 7 is a measure of the relative error in our 
calculated results. The model clearly fits for the methoxyacetyl derivatives 44 and 45 
over a few days, but it is now necessary to find out if it fits the data for a wider range 
of compounds irrespective of time scale. 
(5) .A Quantitative Look at the Kinetics of Other Acyl-3aminopyrazole 
Derivatives 
Our model was tested against the 1- and 2-isomers of other N-acyl-3-
aminopyrazole derivatives (fig. 35-56) which had a reasonable range of data over the 
decay range 100-0%. The model was not tested against bad data that had not at least 
progressed past 60-70% decay, which would give bad or ambiguous results (as had 
been seen for the methoxyacetyl derivatives Figs. 30 and 33). 
For compounds in which our model was applied the data gave good fits in all 
cases. 
Our model was able to contend successfully with sigmoid-shaped curves and 
also curves that approach first order kinetic curve, Figs. 34-57. It dealt well for a 
wide range of compounds that rearrange anywhere from hours to months. 
The quantitative data obtained from the fits, shown in Table 7, can only be 
regarded as estimates of the real values, and only after several repetitions can a degree 
of confidence be applied to them. Even so, the rate constants in Table 7 produce a 
valuable guide to the relative rates of a range of compounds, including comparisons 
96 
Table 7 Gives the variable factors for equation (5) for acyl-aminopyrazole 
derivatives, (values in parentheses are esd's.). 
Precursor k 13 (beta) 
A Chi"2 
-R 10s' 102 
-CH20CH3 	45 
(1-isomer) 
8.9 22 96 7.8 
ground crystals 





4.3 9.0 98 6.4 
ground crystals 





5.5 27 98 7.7 
ground crystals 





3.4 7,786 90 3.3 
small crystals 
(0.85) (2,749) (2.5) 
sample 1 
at 25 °C 
-CH20CH3 	45 
(1-isomer) 
9.7 9.5 97 12 
small crystals 
(1.7) (0.93) (1.2) 
sample 2 
at 25 °C 
97 
Precursor k 13  (beta) 




1.3 31 97 4.4 
small crystals sample 
(0.27) (15) (1.3) 
3 
at 25 °C 
-CH20CH3 	45 
(1-isomer) 
3.2 15 95 11 
large grown crystals 
(0.35) (5.3) (2.4) 
sample 1 
at 25 °C 
-CH20CH3 	45 
(1-isomer) 
0.27 2,000 97 31 
large grown crystals 
(0.14) (348) (3.1) 
sample 2 
at 25 °C 
-CH20CH3 	44 
(2-isomer) 
7.0 1.5 98 6.7 
ground crystals 
(0.47) (0.49) (1.6) 
sample 1 
at 25 °C 
-CH20CH3 	44 
(2-isomer) 
7.4 5.3 97 18 
ground crystals 
(1.0) (3.2) (4.0) 
sample 2 
a25 °C 
-CH2 0CH3 	44 
(2-isomer) 
8.0 2.2 95 63 
ground crystals 




Precursor k f3 (beta) 
A Chi'2 
-R 106s 102 
-CH20CH3 	44 
(2-isomer) 
9.6 2.9 99 17 
small crystals 
(0.12) (1.6) (3.2) 
sample 1 
at 25 °C 
-CH20CH3 	44 
(2-isomer) 
8.0 2.4 96 19 
small crystals 
(0.98) (1.3) (2.5) 
sample 2 
at 25 °C 
-CH20CH3 	44 
(2-isomer) 
-0.03 -95 103 16 
large grown crystals 
(0.38) (53) (3.0) 
sample 1 
at 25 °C 
-CH20CH3 	45 
(1-isomer) 6.5 4095 88 4.9 
small crystals (2.3) (93,280) (1.8) 
at 45 °C 
-CH20CH3 	44 
(2-isomer) 41 11 98 16 
small crystals (4.7) (4.4) (3.5) 
at 45 °C 
-CH3 	66 
(2-isomer) 1.0 4,696 96 12 
small crystals (0.19) (71,148) (2.6) 
at 45 °C 
-CH(CH3 ) 2 	68 
(2-isomer) 2.8 13 99 7.1 
small crystals (0.30) (4.7) (2.1) 
at 45 °C 
99 
Precursor k 13  (beta) 
A Chi"2 
-R 10 6 s' 10 2 
-Ph 	58 
(1-isomer) 0.26 2.6 98 4.6 
small crystals (0.020) (7.5) (1.5) 
at 45 °C 
-CH2Ph 	57 
(1-isomer) 0.93 580 93 9.1 
small crystals (0.15) (1,230) (2.4) 
at 45 °C 
-CH 2Ph 	70 
(2-isomer) 52 4.4 96 3.2 
small crystals (2.6) (0.86) (1.2) 
at 45 °C 
-0--cl  
65 0.12 33 101 2.2 
(1-isomer) (0.01) (78) (0.71) 
small crystals 
at 45 °C 
—0—Cl  78 45 1.5 99 7.8 
(2-isomer) (4.7) (0.71) (2.2) 
small crystals 
at 45 °C 
--O—CH3 72 7.5 4.1 95 5.2 
(2-isomer) (0.61) (1.3) (1.7) 
small crystals 
at 45 °C 
100 
• Decay 0144 (2-isomer) sample 1 
£ Decay of 44(2-isomer) sample 2 




























H3C 	N 	)'—CH2OCH3 0.93 26 100 30 
o 79 
(0.28) (22) (4.3) 
(2-isomer) 
small crystals 
at 45 °C 
-CH(CH3 )2 	68 
(2-isomer) 10 5.2 96 2.3 
small crystals (0.76) (1.4) (0.89) 
at 35 °C 
between the 1- and 2-isomers for a particular acyl substituent. The rate 
constants of Table 7 are quantitative results, which re-enforce the qualitative and 
semi-quantitative results, which lead to the conclusions, discussed in section D. 
Fig. 34. Shows the decay of small 
	
Fig. 35. Shows the decay of small 
crystals of 1-methoxyacetyl-3- crystals of 2-methoxyacetyl-3- 
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• Decay of 68, (24somer) 
i Formation of 53, (1-isomer) 




Fig. 37. Shows the decay of small 

















• Decay of 68 (2-isomer) 






Fig. 36. Shows the decay of small 
crystals of I -acetyl-3-aminopyrazole 











• Decay of 67 (2-isomer) 








Fig. 38. Shows the decay of small 
	
Fig. 39. Shows the decay of small 
crystals of l-propionyl-3- 	 crystals of 2-propionyl-3- 




Fig. 40. Shows the decay of small 
	
Fig. 41. Shows the decay of small 
crystals of 1 -(dimethyl acetyl)-3- crystals of 2-(dimethylacetyl)-3- 




















• Decay of 70 (24somer) 
A Formation of 51 (1-Isomer) 
















Fig. 42. Shows the decay of small 
	
Fig. 43. Shows the decay of small 
crystals of 1 -(trimethylacetyl)-3- crystals of 1 -benzyol-3-aminopyrazole 




Fig. 44. Shows the decay of small 
	
Fig. 45. Shows the decay of small 
crystals of 1 -phenylacetyl-3- crystals of 2-phenylacetyl-3- 
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• Decay of 72 (2-isomer) 
A Formation of 59 (1-Isomer) 




Fig. 46. Shows the decay of small 
	
Fig. 47. Shows the decay of small 
crystals of 1-p-toluoyl-3- 	 crystals of 2-p-toluoyl-3- 
























• Decay of 73 (24somer) 
A Formation of 60 (1-isomer) 




Fig. 48. Shows the decay of small 
crystals of 1-o-toluoyl-3- 











Fig. 50. Shows the decay of small 
crystals of 1-p-anisoyl-3- 
aminopyrazole 62 at 45 °C. 
Timels'1000 
Fig. 49. Shows the decay of small 
crystals of 2-o-toluoyl-3- 
aminopyrazole 73 at 45 °C. 
100 
• Decay of 75 (24somer) 
£ Formation of 62 (I-Isomer) 
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Fig. 51. Shows the decay of small 
crystals of 2-p-anisoyl-3- 
aminopyrazole 75 at 45 °C. 
100 100 
• 	Decay of 76 (24somer) 
80 
A 	Formation of 63 (1-Isomer) 
80  y 	Formation of 94 (3-isomer) 
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Fig. 52. Shows the decay of small 
	
Fig. 53. Shows the decay of small 
crystals of 2-o-anisoyl-3- 	 crystals of l-p-Chlorobenzoyl-3- 
aminopyrazole 76 at 45 °C. aminopyrazole 65 at 45 °C. 
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1004 •• m 	 100 . 	Decay of 78 (2-isoer), sample 1 a 




v 	Formation of 90 (3-isomer), sample 1 	 80- 
2 • 	Decay of 78 (2-isomer), sample 2 
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E a 	Formation ot65(1-lsorner), sample 2 
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a Decay of 79 (24somer), sample 2 




Fig. 54. Shows the decay of small 
crystals of 2-p-Chlorobenzoyl-3- 
aminopyrazole 78 at 45 °C. 
100 
a Decay of 80(24somer) 






0 	20600 ' 40600 ' 60600 ' 80600 ' 100 
r,meJs9000 
Fig. 56. Shows the decay of small 
crystals of 2-methoxyacetyl-3-amino- 
4-cyanopyrazole 80 at 45 °C. 
TimeIsl000 
Fig. 55. Shows the decay of small 
crystals of 2-methoxyacetyl-3-amino- 
5-methylpyrazole 79 at 45 °C. 
100 
• Decay of 44 (2-isomer) 
No formation of 45 (1-isomer) occurs 
TimeIsl 000 
Fig. 57. Shows the decay of small 
crystals of 2-methoxyacetyl-3- 






(6) Results of the Energy of Activation, Ea 
The energy of activation, Ea, for the solid-state reaction of 1 -methoxyacetyl-3-
aminopyrazole 45 was estimated by an Arrhenius plot of the natural log of the rate 
constants obtained at 25, and 45 °C (Fig. 58.). The value of Ea was estimated from 
the slope of the graph to be 94 kJ mol d . This value must be viewed loosely as there 
are only two points on the Arrhenius plot, however the value is close to Bergmann's 










Fig. 58. Shows an Arrhenius plot of 
the kinetic data for 1 -methoxyacetyl-3- 
aminopyrazole 45 obtained at 25 °C & 
45 °C. 
l000/T 
Fig. 59. Shows an Arrhenius plot of 
the kinetic data for 2-methoxyacetyl-3- 
aminopyrazole 44 obtained at 25, 35 & 
45 °C. 
The energy of activation, Ea, for 2-methoxyacetyl-3-aminopyrazole 44 was also 
estimated by an Arrhenius plot of the natural log of the rate constants obtained at 25, 
35, and 45 °C (Fig. 59.). The value of Ea was calculated from the slope of the graph 
to be 53 ±22 kJ mof'. This value can be viewed with more confidence over the three 
temperatures, however the 40% difference is still very large. 
(7) Conclusions 
The kinetics of the acyl-3-aminopyrazole derivatives are reproducible to a 
point when applied to our model using equation (5). The equation gives a good fit 
when the kinetic data is over a reasonable range for reaction, 100-0%. The energy of 
activation obtained for the methoxyacetyl derivatives must be viewed within certain 
limits, but they point in the general area that they will be found. 
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G 	Labelling Experiment 
In studying the kinetics and X-ray crystallography (packing diagrams) of the 
acyl migration reactions only general indications of the inter- or intra-molecularity 
can be obtained. Both intra- and inter-molecular thermal solid-state reactions are 
found in related studies to our own. Therefore in order to have conclusive proof for 
the inter- or intra-molecularity of the acyl migrations a labelling study was designed. 
Bergman 6 found that alkyl transfer from p-NN-dimethylaminobenzenesulfonic acid 
methyl ester 4 to zwitterion 5 was intermolecular though Venkatesan 48 found that acyl 
transfer of O-acylsalicylamide 25 to N-acylsalicylamide was intramolecular. 
(1) Cross-over Experiments 
Bergman 6 among others used isotopically labelled precursors in order to 
minimise the possibility of the two mixed reactants forming homogeneous 
microcrytsals, and this was also necessary in our case. Careful sample preparation was 
essential, even with the isotopic species; 'truly mixed crystals' are most likely to be 
formed by rapid evaporation of an equimolar solution of the two isotopomers. 
If intra-molecular migration occurs the unlabelled precursor 70 and the doubly 
labelled precursor 95 will give only 87 and 96 (Scheme 14). The latter would only 
appear as a clean doublet in the ' 3C NMR of the carbonyl region due to one-bond 13C_ 
15N coupling ( ' JN,c Ca. 15Hz in amides66). However, if a truly intermolecular reaction 
takes place, the result would be an equimolar mixture of all four isotopomers 87, 96-
98, with 96 and 97 together giving rise to an apparent triplet in the same position in 
the spectrum. 
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In the formation of the exo-cyclic product from the 1-isomer (Scheme 15) a 
similar analysis can be made. 
Even with this plan synthesising labelled precursors of not only labelled 3-























(2) 	Synthesis of the Labelled Precursors 
A phenylacetyl system (Scheme 14 and 15) emerged as the best system as 
phenylacetic-carboxy- 1 3C acid was commercially available and relatively inexpensive. 
Further the thermal periods for the unlabelled reactions in the solid-state were 
reasonable. The 1- and 2-phenyacetyl-3-aminopyrazOleS rearrange to the exo-cyclic 




















87 	96 	97 	98 
Schen 15 
into its acid chloride equivalent. A solution of phenylacetic acid and thionyl chloride 
were heated under reflux for 2 hours, the resulting solution was placed in vacuo to 
give phenylacetyl chloride in 98% yield. 
3(5)-[15N]-Aminopyrazole was chosen as the labelled precursor but was not 
commercially available and not easily made. Of the various routes to 3-
aminopyrazoles, that of Habraken (Scheme 16) was thought to be the most suitable 
for incorporation of a 15N-label.67  It was first necessary to optimise the synthesis of 
unlabelled 3(5)-aminopyrazole because fuming nitric acid (density 1.5) is used in the 
original recipe and this is not commercially available in the labelled form. In 





2OO°C  HNO3 /EtOH/Ac20  
Step 1 	 N 	Step 2 
I 	 I 
H NO2 
100 
NO2 	 NI-12  






101 	 40 
Schene 16 
(i) 	Results of Optimising HNO3 Preparation 
It was envisaged that a labelled isotope could be introduced in step 1 of this 
synthesis by using labelled nitric acid H' 5NO3 that is commercially available but only 
with a density (d) of 1.24. 
110 
In the first step of the optimisation, the preparation of N-nitropyrazole 100 was 
repeated as described in the literature. Fuming nitric acid (d = 1.5) is added to a 
solution of pyrazole in acetic acid with vigorous stirring. The temperature was kept 
below 30 °C during this procedure. Acetic anhydride was then added with stirring 
and the suspension stirred until a clear solution was obtained (2-3 h). The solution 
was poured onto ice, and potassium carbonate was added. The precipitate was filtered 
and dried at room temperature to produce 100 in 86% yield. 
The key to this step was the use of fuming nitric acid but was hoped that by 
using nitric acid with a lower density the yield in step 1 would be relatively 
unaffected. However, after much optimising in step I using nitric acid (d = 1.40), and 
under a more severe environment of 75 °C for 78 h after the addition of acetic 
anhydride 100 was only produced in 18% yield. It became quickly obvious that 
anhydrous nitric acid (i.e., fuming nitric acid) was indeed the key to this step. This 
was borne out when nitric acid (d = 1.24) (which is the level of commercially 
available labelled acid) was used no N-nitropyrazole was produced even at 75 °C for 
72 h. 
An attempt was made to make fuming nitric acid using two parts concentrated 
sulfuric acid 70%: to one part nitric acid (d = 1.24) by distilling this mixture using a 
Kugelrohr. 68  However, this failed to work under these conditions. 
In a change of strategy, fuming nitric acid was prepared as follows: 
69 
Concentrated sulfuric acid (30% S03) was put under vacuum allowing an 
excess of S03  to be collected in a receiving flask. When the excess S03 had been 
removed, the system was again placed under vacuum and the concentrated sulfuric 
acid was added to Na 15NO3. The reaction though initially vigorous subsided, and the 
reaction flask was then gently heated (50 °C for 15 minutes) to insure complete 
111 
reaction. The anhydrous H' 5NO3 was then collected as a colourless liquid to produce a 
yield of 40% initially. 
This result was then increased after optimising to a yield of 70% by removing 
a greater amount of the excess S0 3 using heat. In addition it was necessary to increase 
the temperature of the reaction flask from 50 °C for 15 minutes to 95 °C for 20 
minutes after all the sulfuric acid had been added to the Na 15NO3 , to ensure complete 
reaction. 
With a good strategy now in place for the addition of labelled nitrogen onto a 
pyrazole ring, step 2 and 3 proved to be straightforward. 
Step 2 
N-Nitropyrazole 100 in benzonitrile was heated under reflux for 2 hours. The 
solution was then cooled to room temperature and poured into hexane. The precipitate 
which formed was filtered and recrystallised from toluene in order to prevent 
contamination of the 3(5)-aminopyrazole 40 with benzylamine (produced as a side 
product in the next step) to produce 3(5)-nitropyrazole 101 in 70% yield. 
Step 3 
In step 3 a suspension of 3(5)-nitropyrazole and 5% palladium-on-carbon catalyst 
in ethanol was reduced in a Parr apparatus with hydrogen at a pressure of 45 psi for 
14 hours. The catalyst was filtered off and the solvent was evaporated in vacuo to 
give 3(5)-aminopyrazole in 80% yield. The only optimisation in this step was the 
112 
replacement of acetic acid in the original recipe with ethanol that made for a simpler 
work-up and better yield. 
Final Route and yields to produce 1- & 2-phenylacetyl-carboxy-
13C-3- [1 5N]-aminopyrazole 
In the synthesis of 3(5)-[15N]-aminopyrazole anhydrous H' 5NO3 was produced 
in 87% yield as described in section G(2)(i), which was then used to produce 78% 
yield of N-([' 5N]nitro)pyrazole. This was then rearranged in step 2 to produce 3(5)-
([ 15N]nitro)pyrazole in 58% yield. This was finally reduced to 3(5)-([ 15N] -
amino)pyrazole in 82% yield by the methods developed in section G(2)(ii) and (iii). 
1-[ 13C]Phenylacetic acid was converted to its acid chloride in 100% yield by 
standard chlorination using neat thionyl chloride. 
3(5)-([ 15N]-Amino)pyrazole was mono-acylated, in the usual way, with 1-
[ 13C]phenylacetyl chloride to produce a mixture of the 1- and 2-isomers. After using 
dry flash chromatography 1 -(1- [1 3C]phenylacetyl)-3-([' 5N] amino)pyrazole 99 
produced 36% yield and its 2-isomer equivalent 95 produced a 23% yield. 
Sample Preparation for the Solid-state Rearrangement 
2-Phenyl acetyl-carboxy-' 3C-3-[' 5N]-aminopyrazole 95 was prepared for the 
solid-state rearrangement as follows: In equal amounts labelled and unlabelled 2-
phenyl acetyl-carboxy-' 3C-3- [1 5N] -aminopyrazole were dissolved in dichloromethane 
113 
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Fig.61. The ' 3C NMR spectra of the mixture of isotopomers, 70 and 95, for the 2- 
isomer after complete rearrangement to the exocyclic product isotopomers, 87, 96-98. 
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Fig.62. The ' 3C NMR spectra of the mixture of isotopomers, 57 and 99, for the 1- 
isomer after complete rearrangement to the exocyclic product isotopomers, 87, 96-98. 
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to produce an equimolar solution of the two isotopomers. The dichioromethane was 
removed in vacuo to produce a truly mixed sample of crystals. This was then left in a 
thermostatically controlled water bath at 45 °C for 12 days. The 1-isomer underwent 
a similar preparation. 
(5) Results Shown by High Field NMR 
The solid-state rearrangement of the mixture of isotopomers for the 2-isomer 
taken from the water bath after 12 days showed that it had rearranged to the 3-isomer. 
Further it had given rise to an apparent triplet at 8c 168.42 as expected for a purely 
intermolecular reaction, Fig. 61. The coupling constant was expected to be Ca. 1511z 
for amides 66  Fig. 61. Shows the coupling constant to be 14.1Hz. The ratio of integrals 
for the triplet calculated in digital form to be 0.9783: 2.0477: 0.9901, which gives a 
1:2:1 ratio with an error of ± 2%. This value is well within the limits of integral 
errors of 5%. An analogous result was found for the mixtures of isotopomers for the 
1-isomer, with a triplet again being formed at 8c 168.44 in a ratio of integrals for the 
triplet again calculated in digital form of 0.9940: 1.8490: 0.9891, giving a 1:2:1 ratio 
with an error of± 2%. 
This ties in with the result of an equimolar mixture of all four isotopomers 87, 
96-98, with 96 and 97 together giving rise to the apparent triplet in the same position 
in the spectrum. An analogous result is seen for the I-isomer, Fig. 62. 
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(6) The 2 - 1 Labelling experiment 
It was thought possible to study the 2 - 1 rearrangement using our cross-over 
experiment. This would be possible if pure 2-isomer unlabelled 70 and unlabelled 95 
were prepared as in section G(4) for the solid-state rearrangement. However, instead 
of allowing the rearrangement to go to completion the reaction would be followed by 
'H NMR, with the reaction being stopped when the ratio of 2:1:3 isomers favoured 
the 1-isomer sufficiently for it to be isolated by dry flash chromatography. This 
would allow a mass spectrum to be obtained. The Mass spectrum should show a 
triplet at 201:202:203 in a ratio of 1:2:1 if an inter-molecular reaction is to be 
observed, if an intra-molecular reaction is to be seen then a doublet at 201 and 203 
should be seen in a 1:1 ratio. 
However, when the 2-isomer was allowed to rearrange there was insufficient 
1-isomer to allow it to be separated by dry flash chromatography. This sometimes 
occurs in our solid-state rearrangements that varying amounts of 1-isomer are formed 
in the decay of the 2-isomer. 
(7) Control experiments 
It was necessary to undergo a two control experiments to ensure complete 
confidence in our results of the labelling study. 
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Fig. 62. Mass spectra for the 2-isomer of the first control experiment, showing two 
peaks of interest at 201 and 203. 
Fig. 63. Mass spectra for the 1-isomer of the first control experiment, showing two 
peaks of interest at 201 and 203. 
In the first control experiment it was necessary to check the labelling of the 
initial mixture before rearrangement. This was to ensure no randomisation had 
happened forming 87, 96-98, when unlabelled 70 and labelled 95 was dissolved in 
solution to ensure 'truly mixed crystals, see G(l). 
Therefore 10mg of unlabelled 70 and labelled 95 2-isomers were dissolved in 
solution (dichioromethane) with rapid evaporation forming mixed crystal sample. A 
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'H NMR spectra was obtained for the two-isotopomer mixture which showed no 
rearrangement had occurred. 
A Mass spectra study was undertaken to see if any randomisation had 
occurred. If no randomisation had occurred then the control experiment would show 
a Mass spectrum with 2 main peaks (the M + M+2 peaks) at 201 and 203 of equal 
height resulting from 70 and 95. However, if any mixing had occurred then a triplet 
would be observed with the 3 peaks at 201: 202: 203 being seen, corresponding to 87, 
96-98, with the 202 peak approximately twice that of either 201 or 203 peaks, 
produced by 96 and 97, Fig. 62. Fig. 62 also shows that no randomisation occurs on 
sampling by the electron impact Mass spectrometer, which could have occurred as it 
melted on the probe of the Mass spectrometer. This can be calculated from the 
analysis of the m + 1 and m - 1 peaks of the Mass spectrum in Fig.2. (a similar result 
is observed for fig. 63.). This shows the extent of rearranging is not greater than 10%, 
which is in experimental error of the Mass spectrum experiment. 
An identical control experiment was performed for the 1-isomer for the two 
isotopomers 57 and 99, again no randomisation is seen to occur, Fig. 63. 
In a second control experiment for the 2-isomer, it was necessary to test if 
randomisation occurred or not. If no randomisation occurred then the two 
isotopomers 70 and 95 would rearrange to give 87 and 96 but if randomisation did 
occur then they would rearrange to form all four isotopomers 87, 96-98. 
The control experiment was set-up with 10mg of unlabelled 70 and 10mg of 
labelled 95 which was intimately mixed when the crystals were ground together to a 
fine powder, and heated in a thermostatically controlled water bath to 45 °C for 20 
days, when the reaction was complete. 
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The two isotopomers 87 and 96 was expected to be formed, as it was not 
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Fig. 64. Mass spectra for the 2-isomer of the second control experiment, showing a 
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Fig. 65. Mass spectra for the 1-isomer of the second control experiment, showing a 
triplet with three peaks of interest at 201, 202, and 203. 
However, a triplet is observed in the Mass spectra, with all 3 peaks of a similar 
height, Fig. 64. This leads to the conclusion that a certain degree of reaction between 
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crystals is occurring. A similar result is observed for the 1-isomer in an identical 
control experiment, Fig. 65., with the same result being obtained. 
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Fig. 66. Mass spectra for the 2-isomer of the original labelling experiment, showing a 
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Fig. 67. Mass spectra for the 1-isomer of the original labelling experiment, showing a 
triplet with three peaks of interest at 201, 202, and 203. 
As a comparison with the original labelling experiment for the 1- and 2-
isomers, the mass spectra of Figures 66 and 67 when reaction was complete show the 
four isotopomers as a 1: 1: 1 triplet. 
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(8) 	Conclusions 
The labelling experiments were very successful, not only in preparing the 
labelled precursors but in executing our cross-over experiments. These experiments 
show that an inter-molecular mechanism is responsible for the 2 -+ 1 and 1 -f 3 
rearrangements, with the control experiments giving confidence that these are valid 
results 
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H 	Synthesis of 4-Aminopyrazole and its Derivatives 
Having previously looked in-depth at the rearrangement of acyl groups in the 
3-aminopyrazole system and substituents on the 4- and 5-positions of acyl-3-
aminopyrazoles, our attention turned to other heterocyclic systems. It has already 
been established that a thermal rearrangement of certain acyl groups (e.g., R = Cl3) is 
found to occur in N-acylamino-1,2,4-triazoles. 70 Our efforts focused on the 4-
aminopyrazole and 3-aminoindazole systems, of which both precursors are not 
available commercially. Here follows an insight into both of these systems. 
(1) Synthesis of 4-Aminopyrazole 
C A HNO3 / EtOH / Ac20 	A Conc. H2SO4 
N 	Step 1 	 N 	Step  
H 	 NO2 
102 
O2N H2N 
Pd-C / H2 
N 
I 






The best available synthesis of 4-aminopyrazole involves nitration of a ring 
nitrogen atom on the pyrazole ring, followed by migration of this nitro group to the 4-
position of the ring, thus forming 4-nitropyrazole 103; this in-turn is reduced to form 
4-aminopyrazole 104. 
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The synthesis of 4-aminopyrazole 104 was reasonably straightforward 
.71  Step 
1 and 3 (Scheme 17) are sinilar to the synthesis of 3-aminopyrazole just described in 
Chapter 4. Only step 2 is a variation of this 3-aminopyrazole synthesis. During this 
step N-nitropyrazole 102 was cooled and treated with concentrated sulfuric acid. The 
suspension that subsequently formed was stirred overnight and the resulting clear 
solution was added to ice, and the precipitate filtered, to give a yield of 42% in step 2. 
N-nitropyrazole 102 had previously been formed in 93% yield in step 1; 4-
nitropyrazole 103 was formed in 42% yield, and finally, during step 3, 4-
aminopyrazole 104 was formed in 95% yield. 
4-Aminopyrazole was characterised by its 13C NMR spectra. Thus 4-
aminopyrazole showed peaks at C(4) 130.21(q), C(3) 122.47, and C(5) 122.47 which 
was consistent with literature data for this substitution pattern. 72 
(2) Mono-acylation of 4-Aminopyrazole 
COCH20CH3 	 COCH20CH3 
I —N 	 H—N 
COCH20CH3 	 H 
105 	 106 
Methoxyacetyl was chosen as the acyl substituent for 4-aminopyrazole in 
order to continue the in-depth study of this acyl substituent, which in addition 
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rearranged over a relatively short rearrangement time in the 3-aminopyra.zole system 
(.-1-2 days at 45 °C). 
Therefore 4-aminopyrazole 104 was mono-acylated in the usual way with 
methoxyacetyl chloride, and dichioromethane as the solvent. It was noticed that the 
4-aminopyrazole was not all dissolving in solution. The reaction was allowed to 
continue however, in order to ascertain if any 4-aminopyrazole might be acylated. 
Indeed upon work-up, it was discovered that it had di-acylated to 105 in 45% yield, 
but unfortunately no mono-acylated product was obtained. It was therefore decided to 
change solvent. 4-Aminopyrazole was therefore dissolved in acetonitrile. 
It was then acylated in the usual way with methoxyacetyl chloride, and 
acetonitrile as the solvent. Once again, no mono-acylated product was obtained, and 
instead the diacyl product 1(2)-methoxyacetyl-4-methoxyacetamidopyra.zole 105 was 








CKH2 G NH2 
(N —COCH2OCH3 
Fig. 70. 
Why was no mono-acylated 4-aminopyrazole being formed in either solvent? 
124 
Indeed was it the solvent or 4-aminopyrazole that was the cause of no mono-acylated 
4-aminopyrazole being produced? Certainly it could be believed that the poor 
solubility of 4-aminopyra.zole in dichloromethane meant that the excess of acid 
chloride would only produce the diacyl derivative. However, one might expect at 
least some mono-acylated product in the acetonitrile solvent, but clearly this was not 
occurring. This answer lay in the resonance structures of the 3-aminopyrazole and 4-
aminopyrazole systems and their ability to delocalise the lone pair of electrons of the 
exocylic nitrogen. 
1 & 2-Mono-acylated-3-aminopyrazoles (Fig.68. & 69. respectively) are 
stabilised by their ability to delocalise the lone pair of electrons on the exocyclic 
nitrogen onto one of the ring nitrogen atoms. They therefore do not acylate again 
forming the diacyl, in one equivalent of acid chloride. However, once 4-
aminopyrazole has acylated once, it can only delocalise its lone pair from the 
exocyclic nitrogen onto a ring carbon, which is disfavoured relative to a nitrogen 
atom. Which in turn means the lone pair is going to be more basic/nucleophilic and 







Compound 105 was characterised by its proton spectra, which had only one N-
H peak, and two methoxyacetyl groups; its carbon spectra showed nine carbon peaks 
(three of which were quaternary); and its Mass spectra gave a molecular ion of 227. 
This evidence was consistent with the formula C9H 13N304 and structure 105, though 
an X-ray structure was obtained to confirm this. 
De-acylation 	of 	1 (2)-Methoxyacetyl-4-methoxyacetyl 
amidopyrazole 
In order to complete our study of the 4-aminopyrazole system, 4-
methoxyacetamidopyrazole was formed from 105. 
1 (2)-Methoxyacetyl-4-methoxyacetamidopyrazole 106 was dissolved in 
methanol and refluxed for one hour. The methanol was then removed in vacuo to give 
87% yield of the exocylic product 4-methoxyacetyl amidopyrazole 106. 
Compound 106 was characterised by its proton spectra, which showed one N-
H peak (one N-H missing in spectra), and one methoxyacetyl group; its carbon spectra 
showed six carbon peaks (two of which were quaternary); and its Mass spectra gave a 
molecular ion of 155. This evidence was consistent with the formula C6H9N 302 and 
structure 106, though an X-ray structure was obtained to confirm this. 
X-ray Crystallographic Study of 4-Aminopyrazole Derivatives 
To be confident in our assignment of structures 105 (Fig.71., Table 64) and 
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Fig. 71. X-ray crystal structure of 1 -methoxyacetyl-4-(methoxyacetamido)pyrazole 
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Fig. 73. X-ray crystal structure of 3-(methoxyacetamido)pyrazole 83. 
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In comparing Fig. 71. & Fig. 72. there appears no difference in bond lengths 
from C4-N41 to the end of the acyl chain in both structures. However, there is a 
small apparent difference in bond lengths in NI-CH 1 1.397(2) A of the diacyl, 
compared with N41-C42 in either mono-acylated 1.341(2) A, or diacylated 1.350(2) 
A structures. 
The diacyl ring Fig.71. shows greater diene character than Fig.72. as the lone 
pair of electrons from the nitrogens delocalises onto the carbonyl of the amides which 
is seen in the shorter double bonds of Fig. 71. [C4-05 1.361(2) A and C3-N2 1.33 1(2) 
A] over Fig.72. [C4A-05A 1.371(2) A and C3A-N2A 1.315(2) A]. The mono-acyl 
ring Fig.72. has greater electron density delocalised onto its ring, specifically the 
single bonds in the ring, resulting in much shorter single bonds [C3A-C4A 1.396(2) 
A, and especially N2A-N1A 1.3435(18) A and N1A-05A 1.345(2) A than Fig.71. 
[C3-C4 1.414(3) A, and especially N2-N1 1.370(2) A and N1-05 1.375(2) A. 
In comparing the 4-aminopyrazole (Fig.72., Table 64) with the 3-
aminopyrazole (Fig.73., Table 51) system no significant difference in the acyl chains 
was observed and only a very marginal difference in the ring is apparent. This is a 
remarkable result, showing that the bond lengths are unaffected by the position of the 
acylamido substituent on the ring. 
(5) Conclusion 
4-aminopyrazole was successfully formed and then acylated, to form its diacyl 
derivative 4, which was subsequently de-acylated to form 5. Both compounds were 
characterised and it was noted that the bond lengths were unaffected by the position of 
the acylamido substituent on the ring. 
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Unfortunately as no 1- or 2-methoxyacetyl-4-aminopyrazole was formed, the solid-
state thermal rearrangement could not be studied. 
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I 	Synthesis of 3-Aminoindazole and its Derivatives 
(1) Synthesis of 3-Aminoindazole 
In order to extend our studies to non-pyrazole rings 3-aminoindazole 107 was 
prepared according to Scheme 18 in order to see if solid-state acyl transfer occurred 
in this indazole derivative. 
CN 








o-Aminobenzonitrile 107 was reacted with sodium nitrite and stannous 
chloride in concentrated hydrochloric acid, the resulting tin double salt was filtered 
off, boiled for ten minutes and made strongly alkaline with sodium hydroxide. The 
precipitated solid was filtered off and extracted with dichloromethane, which was 
removed in vacuo to produce 108 in 15% yield. 
3-Aminoindazole was characterised by its 13C NMR spectra. Thus 3-
aminoindazole showed peaks at C(3) 149.01(q), C(4) 120.09, C(5) 117.01, C(6) 
125.03, C(7) 109.31(q), C(8) 141.35(q) and C(9) 113.07 which was consistent with 
literature data for this substitution pattern. 72 ' 74 
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(2) Mon-acylation of 3-Aminoindazole 
Once again methoxyacetyl was chosen as the acyl substituent for its relatively 
short rearrangement time in the 3-aminopyrazole system. 3-Aminoindazole was 
mono-acylated in the usual way with methoxyacetyl chloride, the mixture of products 
being separated by dry flash chromatography. 
This produced OmethoxyacetamidobenZOflitrile 109 in 2% yield, 1-
methoxyacetyl3methOXYacetamidom20le 110 in 9% yield, 1-methoxyacetyl-3-




























(3) Characterisation of the 3-Aminoindazole derivatives 
Characterisation of these acylated derivatives 109-112, were made all the 
more difficult as the trends in the proton and carbon spectra of the 3-aminopyrazole 
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system no longer applied in the indazole system. Some initial evidence for the 
structures of 109-112 was obtained from the observation that the acyl derivatives were 
removed from the dry flash column in order of diacyl derivative, followed by the 1-
isomer and filially the 3-isomer. This followed the trend seen in the pyrazole system. 
Compound 109 was unexpected but its Mass spectrum gave a molecular ion of 
190, clearly indicating it was not a 3-aminoindazole derivative. In fact, 3-
aminoindazole 108 would require a molecular ion of m/z 133 and any derivative of 
this from the reaction would require a molecular ion of at least m/z 205. From its 13C 
NMR spectrum it showed ten carbon peaks were evident (of which four were 
quaternary); in its proton NMR spectrum it had one N-H peak, an aromatic system, 
and one methoxyacetyl group was present. This evidence was consistent with the 
formula C 10H 10N202 and structure 109, though an X-ray structure was obtained to 
confirm this. 
Compound 110 was characterised by its proton NMR spectrum, which showed 
one N-H peak, an aromatic system and two methoxyacetyl groups; its carbon NMR 
spectrum showed thirteen carbon peaks (five of which were quaternary); and its Mass 
spectrum gave a molecular ion of 277. This evidence was consistent with the formula 
C 13H15N304 and structure 110, though an X-ray structure was again obtained to 
confirm this. 
Compound 111 and 112 both were characterised by their proton NMR 
spectrum, which showed one N11 2  peak for 111 and though for 112 one N-H peak was 
missing in its proton NMR this was not unusual, both showed an aromatic system and 
one methoxyacetyl group. Their carbon spectra showed thirteen carbon peaks (five of 
which were quaternary) for both 10 and 112; and both gave a molecular ion of 205 in 
their Mass spectra. This evidence was consistent with the formula C 10H 11 N302 and 
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structure 111 and 112, though the structure of 113 could not be ruled out. Though X-
ray structures were sought to confirm this only an X-ray structure for 111 was 
obtained. However this was enough to determine structure 112, because one would 
only expect to see N-H peaks for 112 in its proton NAM spectrum (which was the 
case here), and not a NH2 peak as would be seen in the proton NMR of 113. 
(4) X-ray Crystallographic Study of 3-Aminoindazole Derivatives 
To be confident in our assignment of structures 110 (Fig.74., Table 62) and 
111 (Fig.75., Table 61) crystal structures of both were obtained. 
In comparing Fig. 74. & Fig. 75. there appears to be no difference in bond 
lengths of the acyl chain in both structures, except for a small apparent difference in 
bond lengths in C13-C14. This parameter is 1.499(3) A in the diacyl, compared with 
the mono-acylated [C8-C9 1.522(4) A], or diacylated [CIO-Cu 1.514(3) A] 
structures. 
In comparing the diacyl derivative 110 Fig.74. with the mono-acylated 111 
Fig.75. one finds the two ring systems are very similar with only a marginal 
difference in the observed bond N1-N2 [diacyl Ni-N 1.385(2) A, mono-acylated 
1.401(3) A]. 
In comparing the 3-aminoindazole (Fig.75., Table 61) with 3-aminopyrazole 
(Fig. 76., Table 49) system one finds the acyl chain bond C6-C7 [1.499(2) A] in the 1-
methoxyacetyl-3-aminopyrazole differs marginally from the same bond in the 
indazole derivative C8-C9 [1.522(4) A]. 
However there is as expected significant difference in nearly every bond of the 
pyrazole ring relative to the 5-carbon ring of the indazole derivative. It would appear 
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Fig. 75. X-ray crystal structure of 1-methoxyacetyl-3-aminoindazole 111. 
000 
Fig. 76. X-ray crystal structure of 1 -methoxyacetyl-3-aminopyrazole 45. 
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the 6-carbon ring of the indazole is pulling electron density to it, resulting in 
much longer bond lengths of the 5-carbon ring of Fig.75.: 
Bond 	 Fig.6. 	Fig.7. 
N1-05 	 1.395(3) 	1.370(2) 
C6-05 	 1.396(3) 	1.342(2) 
C7-C6 	 1.442(4) 	1.419(2) 
Only bond N2-C7 1.306(3) A in the 5-carbon ring of the indazole derivative is 
shorter than the bond N2-C3 1.324(2) A in the pyrazole ring. 
(5) Thermal Rearrangement 
Having chosen our acyl group (methoxyacetyl) so a comparison could be 
made with the pyrazole system of the same acyl group, it was observed from 
qualitative kinetics that for the complete rearrangement to occur, 1-methoxyacetyl-3-
aminoindazole 111 to 3-methoxyacetamidoindazole 112 took 6 weeks at 45 °C in a 
thermostatically controlled water bath. 
Clearly changing from a pyrazole to an indazole system has a dramatic effect 
on the rearrangement time, when one considers the same rearrangement in the 
pyrazole system at the same temperature is fully complete in 8 hours. It seems this 
holds with our earlier results with substituents on the 4- or 5- position of the 1- or 2-
methoxyacetyl-3-aminopyrazole, i.e. when the 4- or 5- position is block by a 
substituent the rearrangement occurs over a greater length of time. 
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(6) Conclusion 
3-Aminoindazole was successfully formed and acylated, which after 
separation gave I -methoxyacetyl-3-aminoindazole. This then rearranged to 3-
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Instruments and General Techniiues 
Nuclear Magnetic Resonance Spectroscopy 
'H NMIR spectra were recorded on Bruker WH360 (3 60 MHz), Bruker AC250 
(250 MHz), Bruker AC200 (200 MHz) and Varian Gemini 200 (200 MHz) 
spectrometers. 13C NtvIIR spectra were obtained on on Bruker WH360 (90 MHz), 
Bruker AC250 (63 MHz), Bruker AC200 (50 MHz) instruments. 
The Bruker WH360 was operated by Dr D. Reed, the Bruker AC250 by Mr. J.R.A. 
Millar, the Bruker AC200 by Mr. W.G. Kerr, and the varian Gemmini 200 by the 
present author. 
Spectra were recorded in [2116]  DMSO, unless otherwise stated. Chemical 
shifts (oH and Oc)  are quoted in p.p.m., relative to tetramethylsilane, and all coupling 
constants are given in hertz (Hz). 
Mass Spectrometry 
The mass spectra were recorded by electron impact mass spectrometry unless 
otherwise stated. Low resolution electron impact mass spectra were recorded by 
Miss. E. Stevenson on A.E.I. M5902 and Finnigan 4500 instruments and by Mr H.G. 
McKenzie on a Finnigan 4600 instrument. High resolution spectra was obtained on a 
Kratos MS50 TC instrument operated by Mr A.T.Taylor. 
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All spectra were obtained by electron impact instruments unless otherwise 
stated. 
Elemental Analysis 
Microanalyses were carried out on a Perkin Elmer 240 CHN Elemental 
Analyser by Mrs. L. Eades, Mr. S. Franklin and Mr. D. Glass. 
Structure Determination 
X-ray crystal structure data were obtained by Dr. S. Parsons on a Stoë STADI-
4 four circle diffractometer, with graphite monochromator. 
X-ray crystal structure data were solved by the present author. 
Chromatography 
Thin-layer chromatography was carried out on precoated aluminium sheets 
(0.2 mm silica gel, Merck, grade 60) impregnated with an ultra violet indicator. 
Dry flash chromatography was carried out on silica gel (Merck, grade 60, 230- 
400 mesh, 60 A) by the method of Harwood . 75 The crude materials were generally 
preabsorbed onto silica gel and then loaded onto the column. Ethyl acetate and n-
hexane were frequently used as the solvent system with 10% increments in the polar 
component every three fractions. 
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Solvents 
Tetrahydrofuran and diethyl ether were both dried by distillation from sodium 
using benzophenone as an indicator. Other commercially available solvents were 
dried over molecular sieves or used without further purification. 
Kinetics 
The solid-state rearrangement reactions were studied over a range of 
temperatures. Initially, preliminary studies focused on mixtures of acylated-3-
aminopyrazoles at room temperature. Later, isomers in their pure form were studied 
first at 25 °C, then at 35, and 45 °C in a thermostatically controlled bath. 
Unless otherwise stated sample preparation for the mixtures of isomers and 
pure isomers for kinetics involved removal of solvent in vacuo to produce small 
crystals, approximately 300 mg, which was placed (in sealed quick-fit test-tubes) in 
the water bath. For selected derivatives, namely 1- & 2- methoxyacetyl-3-
aminopyrazole, sample preparation varied slightly. For pure 1-isomer at 25 °C, 
sample one was prepared as above by creating small crystals by the removal of the 
solvent from the solid, in vacuo after separation by dry flash chromatography. A 
second sample was prepared by grinding some of sample one in a mortar and pestle. 
These tiny crystals were then placed in the water bath as before. Finally sample three 
was prepared by dissolving some of sample one, in an appropriate solvent in order to 
grow large and relatively defect free crystals. These large crystals were then placed in 
the water bath as before. The same strategy was used with the 2-isomer. 
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The actual solid-state rearrangement was studied by 'H NMR on a Varian 
Gemini 200 (200 MHz) spectrometer. In all cases 15 mg of sample were taken from 
the sealed test-tubes at appropriate intervals and dissolved in DMSO. This was 
because the 3-isomer of some acylated-3-aminopyrazoles failed to dissolve in CDC1 3 . 
Clearly CDC1 3  could not be used as the solvent in kinetics as it would fail to show the 
true amount/ if any of 3-aminopyrazole being formed at all in the kinetics. So DMSO 
was the preferred solvent, as it fully dissolved all three isomers. 
The percentage of isomers present were obtained from the integrals of the 
pyrazolic protons for each isomer in the proton NMR spectra. The 1-isomer for 
acylated-3-aminopyrazoles has a pair of clean doublets at oH - 8.00 and - 6.00. The 
integral of these could be seen to decrease relative to the increasing integral of the 
exocyclic product (which has a pair of clean doublets at 0H - 7.50 and - 6.50) as the 
rearrangement progressed. The same could be observed for the 2-isomer which has a 
pair of clean doublets at 0,-, - 7.30 and - 5.30. 
The NMR sample was in general manually locked, and manually shimmed. 
Once the sample had been run the integrals were picked manually. In practice the 
integral was cut at the base of each side of the peak as this was found to give a better 
degree of accuracy than picking the integral once it had returned to a horizontal plane 
or allowing the computer to pick the integral. From the integrals obtained, it was 
possible to work out the percentage of each isomer present at a particular stage of the 
reaction. 
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J 	Preparation of Acylated 3-Aniinopyrazoles and their Derivatives 
(1) Preparation of Acyl-3-Aminopyrazoles 
1-, and 2- Methoxyacetyl-3-aminopyrazole, & 3-(Methoxyacetamido)pyrazole 
A general method .76 3-Aminopyrazole (2.49 g, 30 mmol) was dissolved in dry 
dichloromethane (120 ml). Triethylamine (3.03 ml, 30 mmol) was added followed by a 
solution of methoxyacetyl chloride (3.52 g, 30 mmol) in dichloromethane (40 ml). The 
acid chloride solution was added dropwise (copious flumes of hydrogen chloride were 
evolved), and the mixture was left stirring at room temperature for 2 h. The solution 
was poured into water and the lower organic layer was collected. The aqueous layer 
was further extracted with a further portion of dichioromethane and the combined 
organic layers were dried over magnesium sulfate. The solvent was removed under 
vacuum to give solid products which were mixtures of 1-methoxyacetyl-3-
aminopyrazole and 2-methoxyacetyl-3-aminopyrazole (3.50 g, 75%) in varying 
proportions. The mixture was separated by dry flash chromatography using a 50/50 
mixture of ethyl acetate/hexane as eluant. The first compound off the column was 
identified as 2-methoxyacetyl-3-aminopyrazole, with the second being 1-
methoxyacetyl-3-aminopyrazole. The final product was obtained by allowing one of 
the isomers to rearrange over 14 days at 25 °C to produce 3-(methoxy 
acetoamido)pyrazole. 
1-Methoxyacetyl-3-aminopyrazole (1.02 g, 22%) mp 121 °C (from ethyl acetate). 
(Found: C, 46.5; H, 5.7; N, 26.7. C6H9N302 requires C, 46.4; H, 5.8; N, 27.1%); oH 
8.00(1H, d, 3J 3.0), 5.90(1H, d, 3J 3.0), 5.65(2H, br s), 4.61(2H, s) and 3.36(3H, s); 
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166.80(q), 159.16(q), 129.43, 101.98, 69.86, and 58.74; mlz 155(M 21%), 140(8), 
125(21) 110(6), 96(100), 95(52), 69(6) and 45(94). 
2-Methoxyacetyl-3-aminopyrazole (1.17 g, 25%) mp 89 °C (from toluene). (Found: 
C, 46.3; H, 5.9; N, 27.3. C 6H9N302 requires C, 46.4; H, 5.8; N, 27.1%); 8H  7.35(1H, 
d, 3J 1.7 Hz), 6.54(2H, br s), 5.37(IH, d, 3J 1.7Hz), 4.77(2H, s) and 3.52(3H, s); 8c  
171.88(q), 151.10(q), 144.61, 88.08, 70.55 and 59.25; ,n/z 155(M 21%), 125(20), 
96(53), 95(42), 69(7), 45(100) and 40(55). 
3-(Methoxyacetainido)pyrazole (the 1- or 2-isomer rearranged over 14 days at 25 
°C), (1.17 g, 100%) mp 130-131 °C (from ethyl acetate). (Found: C, 46.6; H, 6.0; N, 
26.7. C6H9N302 requires C, 46.4; H, 5.8; N, 27.1%); 81- 12.38(1H, br, s), 10.06(1H, 
br, s), 7.60(1H, d, 3J 2.3), 6.50(1H, d, 3J 2.3), 3.98(2H, s) and 3.33(3H, s) ; öc 
167.33(q), 146.18(q), 129.42, 96.27, 71.31, 58.76; ; m/z 155(M 39%), 125(17), 
96(33), 95(23), 69(3) and 45(100). 
Other 3-aminopyrazoles were acylated with varying acid chlorides by the same 
general method. 
Use of acetyl chloride gave after chromatography: 
1-Acetyl-3-aminopyrazole (1.15 g, 29%) mp 145-146 °C (from ethyl acetate). 
(Found: C, 48.3; H, 5.8; N, 33.0. C 5H7N30 requires C, 48.0; H, 5.6; N, 33.6%); oH 
8.00(1H, d, 3J 3.0), 5.90(1H, d, 3J 3.0), 5.57(2H, br, s) and 2.42(3H, s); 0c  167.08(q), 
158.80(q), 129.13, 101.87 and 21.52; mlz 125(M 100%), 83(100) and 54(19). 
144 
2-Acetyl-3-aminopyrazole (1.82 g, 46%) mp 76-77 °C from ethyl acetate. (Found: C, 
48.1; H, 5.7; N, 33.6. C5H7N30 requires C, 48.0; H, 5.6; N, 33.6%); oH 7.36(1H, d, 3J 
1.8), 6.58(2H, br, s), 5.31(1H, d, 3J 1.8) and 2.53(3H, s); 0c  173.45(q), 150.98(q), 
144.14, 87.47 and 23.27; mlz 125(M 100%), 83(100) and 54(77). 
3-Acetamidopyrazole (the 2-isomer rearranged over 14 days at 45 °C), (1.00 g, 
100%) mp 223-225 °C (from ethyl acetate). (Found: C, 47.6; H, 5.8; N, 33.9. 
C5H7N30 requires C, 48.0; H, 5.6; N, 33.6%); 0H  12.25(1H, br, s), 10.34(1H, br, s), 
7.54(1H, d, 3J 2.0), 6.46(1H, d, 3J 2.0) and 2.00(3H, s); Oc  167.72(q), 147.33(q), 
129.01, 96.12 and 23.30; m/z 125(M 100%), 83(100) and 54(14). 
Use of propionyl chloride gave after chromatography: 
1-Propionyl-3-aminopyrazole (0.90 g, 22%) mp 84-85 °C (from ethyl acetate). 
(Found: C, 51.7; H, 6.8; N, 30.2. C6H9N30 requires C, 51.8; H, 6.5; N, 30.2%); 8H 
7.98(1H, d, 3J 3.0 Hz), 5.88(1H, d, 3J 3.0 Hz), 5.59(2H, br s), 2.89(2H, m), and 
1.10(3H, m); Oc  171.11(q), 158.84(q), 129.29, 101.64, 26.80 and 8.71; mlz 139(M 
13%), 84(5), 83(100), 57(12) and 54(11). 
2-Propionyl-3-aminopyrazole (0.82 g, 20%) mp 111 °C (from toluene). (Found: C, 
51.6; H, 6.5; N, 30.4. C 6H9N30 requires C, 51.8; H, 6.5; N, 30.2%); 0H  7.35(1H, d, 3J 
1.7 Hz), 6.59(2H, br s), 5.30(1H, d, 3J 1.7 Hz), 3.00(2H, m), and 1.09(3H, m); Oc 
176.60(q), 151.03(q), 144.08, 87.37, 28.23 and 8.41; in/z 139(M 13%), 84(5), 
83(100), 57(9) and 54(15). 
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3-Propionamidopyrazole (the 1-isomer rearranged over 7 months at 45 °C), (1.40 g, 
100%) mp 191 °C (from methanol). (Found: C, 52.2; H, 6.3; N, 29.9. C6H 9N30 
requires C, 51.8; H, 6.5; N, 30.2%); 8H  12.23(IH, br s), 10.25(IH, br, s), 7.52(IH, d, 
3J 2.3 Hz), 6.44(1H, d, 3J 1.7 Hz), 2.27(2H, m), and 1.01(3H, m); S c 171.47(q), 
147.25(q), 129.14, 96.13, 28.96 and 9.90; mlz 139(M 12%), 84(4), 83(100), 57(16) 
and 54(6). 
Use of dimethylacetyl chloride gave after chromatography: 
1-(Dimethylacetyl)-3-aminopyrazole (0.40 g, 26%) mp 100-101 °C (from ethyl 
acetate). (Found: C, 55.2; H, 7.3; N, 27.0. C711 11 N30 requires C, 54.9; H, 7.2; N, 
27.4%); 5H  7.93(1H, d, 3J 3.0), 5.85(1H, d, 3J 3.0), 5.54(2H, br, s), 2.50(1H, m) and 
1.06(6H, d); 6c  174.02(q), 158.90(q), 129.47, 101.88, 31.19 and 18.97; in/z 153(M 
8%), 84(8), 83(100) and 54(12). 
2-(Dimethylacetyl)-3-aminopyrazole (0.32 g, 21%) mp 81-82 °C (from toluene). 
(Found: C, 55.1; H, 7.2; N, 27.1. C 7H 11 N30 requires C, 54.9; H, 7.2; N, 27.4%); 8H 
7.38(1H, d, 3J 1.8), 6.62(2H, br, s), 5.31(1H, d, 3J 1.8), 3.72(1H, m) and 1.15(6H, d); 
c 179.56(q), 151.23(q), 144.18, 87.38, 32.54 and 18.81; mlz 153(M 11%), 119(17), 
84(10), 83(100) and 54(13). 
3-(Dimethylacetainido)pyrazole (the 2-isomer rearranged over 20 days at 45 °C), 
(0.35 g, 100%) mp 118-119 °C (from methanol). (Found: C, 54.8; H, 7.0; N, 27.8. 
C7H 11 N30 requires C, 54.9; H, 7.2; N, 27.4%); 8H  12.24(1H, br, s), 10.24(1H, br, s), 
7.55(1H, d, 3J 2.2), 6.48(IH, d, 3J 2.2), 2.61(1H, m) and 1.05(6H, d); 8c 174.44(q), 
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147.19(q), 128.94, 96.02, 34.12, 19.60; m/.z 153(M 14%), 119(15), 84(18), 83(100) 
and 54(16). 
Use of trimethylacetyl chloride gave after chromatography: 
1-(Trimethylacetyl)-3-aminopyrazole (0.89 g, 38%) mp 65-66 °C (from ethyl 
acetate). (Found: C, 57.8; H, 8.0; N, 24.9. C8H 1 3N30 requires C, 57.5; H, 7.8; N, 
25.1%); H  7.97(1H, d, 3J2.9), 5.82(1H, d, 3J2.9), 5.50(2H, br, s) and 1.37(9H, s); 5c  
179.91(q), 152.21(q), 143.37, 86.39, 41.83(q) and 27.25; m/z 167(M 100%), 84(10), 
83(100), 57(26) and 54(8). 
2-(Trimethylacetyl)-3-aminopyrazole (0.70 g, 30%) mp 37-38 °C (from ethyl 
acetate). (Found: C, 57.4; H, 8.0; N, 24.7. C 8H 13N30 requires C, 57.5; H, 7.8; N, 
25.1%); 5H 7.35(1H, d, 3J 1.8), 6.60(2H, br, s), 5.25(1H, d, 3J 1.8) and 1.39(9H, s); 8c 
174.40(q), 158.59(q), 130.98, 100.37, 41.86(q) and 27.28; mlz 167(M 100%), 84(4), 
83(100), 57(2 1) and 54(7). 
3-(Trimethylacetamido)pyrazole (the 1-isomer rearranged over 8 days at 45 °C), 
(1.00 g, 100%) mp 142-143°C (from ethyl acetate). (Found: C, 57.1; H, 7.7; N, 25.4. 
C811 13N3 0 requires C, 57.5; H, 7.8; N, 25.1%); oH 12.28(1H, br, s), 9.76(1H, br, s), 
7.54(1H, d, 3J 2.0), 6.46(1H, d, 3J 2.0) and 1.19(9H, s); 0c  175.81(q), 147.22(q), 
129.20, 96.54, 30.76(q) and 27.27; mlz 167(M 100%), 84(7), 83(100), 57(19) and 
54(11). 
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Use of benzoyl chloride gave after chromatography: 
1-Benzoyl-3-aminopyrazole (2.41 g, 42%) mp 120-121 °C (from ethyl acetate). 
(Found: C, 63.9; H, 4.9; N, 22.1. C 10H9N30 requires C, 64.2; H, 4.8; N, 22.4%); 
H 8.18(1H, d, 3J 3.0), 8.00-7.47(5H, m), 6.03(1H, d, 3J 3.0) and 5.70(2H, br, s); 5 c  
164.68(q), 159.55(q), 132.79(q), 132.04, 131.50, 130.54, 127.99 and 102.31; mlz 
187(M 35%), 105(100), 77(66) and 51(19). 
2-Benzoyl-3-aminopyrazole (1.50 g, 27%) mp 59-60 °C (from toluene). (Found: C, 
64.0; H, 4.8; N, 22.5. C 10H9N30 requires C, 64.2; H, 4.8; N, 22.4%); 
H 8.06-7.44(5H, m), 7.44(1H, d, 3J 1.8), 6.72(2H, br, s) and 5.44(1H, d, 3J 1.8); &c 
169.91(q), 152.26(q), 144.74, 133.35(q), 132.30, 130.69, 127.88 and 87.61; rn/z 
187(M 49%), 105(100), 77(65) and 5 1(25). 
3-Benzamidopyrazole (the 2-isomer rearranged over 20 days at 45 °C), (1.68 g, 
100%) mp 167-168 °C (from methanol). (Found: C, 64.1; H, 4.7; N, 22.6. C 10H9N30 
requires C, 64.2; H, 4.8; N, 22.4%); 6H  12.49(1H, br, s), 10.85(1H,br s), 8.08-7.44(5H, 
m), 7.66(1H, d, 3J 2.3) and 6.69(1H, d, 3J 23); 6c  164.79(q), 147.05(q), 134.39(q), 
131.68, 129.43, 128.48, 127.92 and 97.13; m/z 187(M 25%), 105(100), 77(67) and 
5 1(20). 
Use of p-chlorobenzoyl chloride gave after chromatography: 
1-p-Chlorobenzoyl-3-aminopyrazole (1.23 g, 37%) mp 118-120 °C (from ethyl 
acetate). (Found: C, 54.1; H, 3.7; N, 19.3. C 10H8C1N30 requires C, 54.2; H, 3.6; N, 
19.0%); 5H  8.19(1H, d, 3J 3.0), 8.06-7.55(4H, m), 6.04(IH, d, 3J 3.0) and 5.72(2H, br, 
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s); 8c 163.47(q), 159.63(q), 137.04(q), 132.55, 131.51, 131.45(q), 128.11, 102.60; ,nlz 
221(M 5 1%), 141(49), 139(100), 113(20), 111(59), 75(28), and 36(2). 
2-p-Chlorobenzoyl-3-aminopyrazole (0.64g, 19%) mp 107-108 °C (from toluene) 
(Found: C, 53.9; H, 3.5; N, 19.4. C 10H8C1N30 requires C, 54.2; H, 3.6; N, 19.0%); 
8.10-7.54(4H, m), 7.45(1H, d, 3J 1.8), 6.72(2H, br, s), and 5.42(1H, d, 3J 1.8); c 
168.63(q), 152.27(q), 144.93, 137.25(q), 132.64, 131.98(q), 127.99 and 87.56; mlz 
221(M 12%), 141(34), 139(100), 113(12), 111(35), 75(16) and 36(2). 
3-p-Chlorobenzamidopyrazole (the 2-isomer rearranged over 2 days at 45 °C), (0.37 
g, 100%) mp 199-200 °C (from methanol). (Found: C, 54.1; H, 3.4; N, 18.8. 
C 10H8C1N30 requires C, 54.2; H, 3.6; N, 19.0%); 8H 10.93(1H, br, s), 8.05-7.52(4H, 
m), 7.64(1H, d, 3J 2.3) and 6.61(1H, d, 3J 2.3); 8c 163.61(q), 146.78(q), 136.52(q), 
133.07(q), 129.81, 129.41, 128.52 and 97.01; m/z 221(M 15%), 141(18), 139(100), 
113(8), 111(23), 75(12) and 36(1). 
Use of o-toluoyl chloride gave after chromatography: 
1-o-Toluoyl-3-aminopyrazole (0.97 g, 32%) mp 137-139 °C (from ethyl acetate). 
(Found: C, 65.4; H, 5.4; N, 20.5. C 11 H 11 N30 requires C, 65.7; H, 5.5; N, 20.9%); 8H 
8.10(IH, d, 3J 2.3), 7.42-7.23(4H, m), 6.02(1H, d, 3J 3.0), 5.70(2H, br, s) and 
2.20(3H, s); öc 166.37(q), 159.69(q), 135.30, 134.73, 130.68, 130.19, 130.01, 127.93, 
125.39, 102.83 and 19.19; mlz 201(M 77%), 118(57), 91(86), 90(25), 89(11), 
83(100), 65(17) and 63(6). 
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2-o-Toluoyl-3-aminopyrazole (0.84 g, 28%) mp 118-119 °C (from toluene). (Found: 
C, 65.7; H, 5.5; N, 20.5. C 11 H 11 N30 requires C, 65.7; H, 5.5; N, 20.9%); 8H  7.43-
7.23(4H, m), 7.34(1H, d, 3J 1.7), 5.39(1H, d, 3J 1.7), 6.75(2H, br, s) and 2.20(3H, s); 
c 171.81(q) , 151.65(q), 145.17, 135.19(q), 135.10(q), 130.16, 130.08, 127.87, 
125.25, 87.50 and 19.25; m/z 201(M 75%), 118(42), 91(86), 90(36), 89(6), 83(100), 
65(10) and 63(25). 
3-o-Toluamidopyrazole (the 2-isomer rearranged over 10 months at 45 °C), (1.62 g, 
100%) mp 142-43 °C from (ethyl acetate). (Found: C, 65.6; H, 5.6; N, 21.0. 
C 11 H 11 N30 requires C, 65.7; H, 5.5; N, 20.9%); 5H 7.44-7.22(4H, m), 7.34(1H, d, 3J 
1.7), 5.39(1H, d, 3J 1.7), 6.75(2H, br, s) and 2.370H, s); 8c 167.14(q), 147.24(q), 
136.76(q), 135.55(q), 130.58, 129.69, 128.91, 127.56, 125.63, 96.64 and 19.63; mlz 
201(M 70%), 118(51), 91(82), 90(31), 89(10), 83(100), 65(9) and 63(16). 
Use of m-toluoyl chloride gave after chromatography: 
1-m-Toluoyl-3-aminopyrazole (1.04 g, 26%) mp 103-104 °C (from ethyl acetate). 
(Found: C, 65.6; H, 5.8; N, 20.6. C 11 H 11 N30 requires C, 65.7; H, 5.5; N, 20.9%); oH 
8.14(1H, d, 3J 2.9), 7.76-7.31(4H, m), 6.02(1H, d, 3J 2.9), 5.70(2H, br, s) and 
2.35(3H, s); Oc  164.83(q), 159.50(q), 137.30, 132.82, 132.63, 131.52, 130.74, 127.89, 
127.74 and 21.02; m/z 201(M 89%), 119(100), 91(71), 65(46) and 39(39). 
2-m-Toluoyl-3-aminopyrazole (1.42 g, 35%) mp 89-90 °C (from ethyl acetate). 
(Found: C, 65.4; H, 5.6; N, 21.1. C 11 H 11 N30 requires C, 65.7; H, 5.5; N, 20.9%); 0H 
7.87-7.33(4H, m), 7.27(IH, d, 3J 2.1), 6.70(2H, br, s), 5.44(1H, d, 3J 2.1) and 
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2.33(3H, s); 8c 166.58(q), 153.64(q), 138.30(q), 134.02, 131.41, 129.80, 129.72, 
128.74, 126.49, 90.86 and 20.88; m/.z 201(M 85%), 119(100), 91(65), 65(50) and 
39(44). 
Use of p-toluoyl chloride gave after chromatography: 
1-p-Toluoyl-3-aminopyrazole (0.53 g, 35%) mp 141-142 °C (from ethyl acetate). 
(Found: C, 65.9; H, 5.6; N, 20.6. C 11 H 11 N30 requires C, 65.7; H, 5.5; N, 20.9%); 6H 
8.17(1H, d, 3J 2.8), 7.95-7.28(4H, m), 6.02(1H, d, 3J 2.8), 5.68(2H, br, s) and 
2.37(3H, s); 8c  164.45(q), 159.47(q), 142.47(q), 131.57, 130.91(q), 129.79, 128.59, 
102.03 and 21.25; m/z 201(M 100%), 119(23) and 91(8). 
2-p-Toluoyl-3-aminopyrazole (0.61 g, 41%) mp 124-125 °C (from toluene). (Found: 
C, 65.7; H, 5.6; N, 20.7. C 11 H 11 N30 requires C, 65.7; H, 5.5; N, 20.9%); 5H , 8.00-
7.27(4H, m), 7.41(1H, d, 3J 1.8), 6.67(2H, br, s), 5.40(1H, d, 3J 1.8) and 2.36(3H, s); 
c 169.66(q), 152.31(q), 144.49, 143.48, 131.28, 131.10, 130.73, 87.59 and 21.28; m/z 
201(M 100%), 119(100), 91(48) and 65(17). 
3-p-Toluamidopyrazole (the 2-isomer rearranged over 1 day at 45 °C), (0.72 g, 
100%) mp 153-154'C (from methanol). (Found: C, 66.3; H, 5.4; N, 20.7. C 11 H 11 N30 
requires C, 65.7; H, 5.5; N, 20.9%); oH 10.77(1H, br, s), 7.64(IH, d, 3J 2.2), 7.95- 
7.26(4H, m), 6.63(1H, d, 3J 2.2), and 2.35(3H, s); Oc  164.58(q), 147.00(q), 141.69(q), 
131.51(q), 129.45, 129.04, 127.94, 97.00 and 21.15; ink 201(M 100%), 119(100), 
91(39) and 65(15). 
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Use of phenylacetyl chloride gave after chromatography: 
1-Phenylacetyl-3-aminopyrazole (0.76 g, 32%) mp 109-110 °C (from methanol). 
(Found: C, 65.9; H, 5.6; N, 20.6. C 11 H 11 N30 requires C, 65.7; H, 5.5; N, 20.9%); 6H 
8.04(1H, d, 3J 2.9), 7.32-7.22(5H, m), 5.96(1H, d, 3J 3.0), 5.67(2H, br, s) and 
4.24(2H, s); 8c 168.11(q), 158.93(q), 134.65(q), 129.70, 129.54, 128.33, 126.76, 
102.30 and 39.60; m/z 201(M 77%), 118(57), 91(86), 90(25), 84(8), 83(100) and 
65(17). 
2-Phenylacetyl-3-aminopyrazole (1.15 g, 48%) mp 69-71 °C (from ethyl acetate). 
(Found: C, 65.7; H, 5.6; N, 20.8. C 11 H 11 N30 requires C, 65.7; H, 5.5; N, 20.9%); 8H 
7.44(1H, d, 3J 1.8), 7.33-7.25(5H, m), 6.60(2H, br, s), 5.35(1H, d, 3J 1. 8), and 
4.36(2H, s); öc 173.64(q), 151.25(q), 134.35(q), 129.92, 129.42, 128.38, 126.92, 
87.58 and 41.11; inlz 201(M 33%), 118(43), 91(20), 90(21), 84(14), 83(100) and 
65(12). 
3-Phenylacetamidopyrazole (the 2-isomer rearranged over 2 days at 45 °C), (0.82 g, 
100%) mp 134-135 °C (from methanol). (Found: C, 65.8; H, 5.5; N, 21.2. C 11 H 11 N30 
requires C, 65.7; H, 5.5; N, 20.9%); 8H  12.30(1H, br, s), 10.59(IH, br, s), 7.56(1H, d, 
3J 2.3), 7.32-7.22(5H, m), 6.45(1H, d, 3J 2.3) and 3.61(2H, s); 8c 168.30(q), 
147.14(q), 136.25(q), 129.20, 128.92, 128.34, 126.55, 95.96 and 42.61; mlz 201(M 
44%), 118(35), 91(38), 90(28), 84(10), 83(100) and 65(16). 
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Use of o-anisoyl chloride gave after chromatography: 
2-o-Anisoyl-3-o-anisamidopyrazole (0.62 g, 21%) mp 182-185 °C (from ethyl 
acetate). (Found: C, 64.7; H, 4.7; N, 11.4. C 19H 17N304 requires C, 65.0; H, 4.9; N, 
11.2%); 8H 12.56(1H, br, s), 7.70(1H, d, 3J 1.6), 7.70-7.01(8H, m), 7.02(l H, d, 3J 1.7), 
4.12(3H, s) and 3.75(3H, s); 8c 170.90(q), 161.22(q), 157.78(q), 156.33(q), 150.18(q), 
144.77, 140.61(q), 134.87, 132.35, 131.92, 128.71, 124.11(q), 121. 
41, 120.13, 112.78, 111.84, 98.35, 56.36 and 55.92; mlz 351(M 45%), 322(14), 
321(46), 320(55), 309(18), 217(44), 186(36), 149(18), 137(20), 136(61), 135(100), 
120(34), 105(29), 92(64), 77(73), 64(41), 45(41), 43(40) and 29(27). 
2-o-Anisoyl-3-aminopyrazole (0.96 g, 33%) mp 87-88 °C (from toluene). (Found: C, 
60.6; H, 5.2; N, 19.0. C 11 H 11 N302 requires C, 60.8; H, 5.1; N, 19.3%); oH 7.50-
6.98(4H, m), 7.28(1H, d, 3J 1.7), 6.67(2H, br, s), 5.35(1H, d, 3J 1.7) and 3.37(3H, s); 
Oc 170.13(q), 156.09(q), 151.32(q), 144.63, 131.53, 128.32, 125.13(q), 119.94, 
111.73, 87.40 and 55.76; m/z 217(M 4%), 186(7), 135(100), 105(7), 92(8), 77(32) 
and 31(18). 
3-o-Anisamidopyrazole (the 2-isomer rearranged over 9 months at 45 °C), (0.87 g, 
30%) mp 123-124 °C (from methanol). (Found: C, 60.8; H, 5.2; N, 19.1. C 11 H 11 N302 
requires C, 60.8; H, 5.1; N, 19.3%); 8H  12.47(IH, br, s), 10.33(1H, br, s), 7.87- 
7.05(4H, m), 7.65(1H, d, 3J 2.3), 6.66(IH, d, 3J 2.3) and 3.95(3H, s); Oc  162.74(q), 
157.10(q), 147.08(q), 132.97, 130.71, 129.12, 122.68(q), 120.94, 112.36, 96.56 and 
56.29; m/z 217(M 19%), 186(14), 135(100), 105(15), 92(23), 77(48) and 31(32). 
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Use of m-anisoyl chloride gave after chromatography: 
1-m-Anisoyl-3-aminopyrazole (0.65 g, 26%) mp 95-96 °C (from ethyl acetate). 
(Found: C, 60.8; H, 5.3; N, 19.1. C 11 H 11 N302 requires C, 60.8; H, 5.1; N, 19.3%); SH 
8.16(1H, d, 3J 3.0), 7.58-7.12(4H, m), 6.03(1H, d, 3J 3.0), 5.70(2H, br, s) and 
3.810H, s); 8c 164.34(q), 159.54(q), 158.66(q), 134.02(q), 131.60, 129.19, 122.75, 
117.58, 115.98, 102.34 and 55.42; m/z 217(M 25%), 186(17), 135(100), 105(14), 
92(12), 77(29) and 31(35). 
2-m-Anisoyl-3-aminopyrazole (0.82 g, 33%) mp 78 °C (from toluene). (Found: C, 
60.7; H, 5.1; N, 19.6. C 11 H 11 N302 requires C, 60.8; H, 5.1; N, 19.3%); oH 7.62- 
7.14(4H, m), 7.28(1H, d, 3J2.1), 6.70(2H, br, s), 5.44(1H, d, 3J2.1) and 2.33 (3H, s); 
Oc 166.58(q), 159.89(q), 153.64(q), 138.30(q), 134.02, 131.41, 129.72, 128.74, 
126.49, 90.86 and 20.88; in/z 217(M 45%), 186(32), 135(100), 105(33), 92(14), 
77(56) and 31(29). 
3-m-Anisamidopyrazole (0.40 g, 15%) mp 133-135 °C from (ethyl acetate). (Found: 
C, 60.4; H, 5.1; N, 19.7. C 11 H 11 N302 requires C, 60.8; H, 5.1; N, 19.3%); 8H 
10.86(1H, br, s), 7.66(1H, d, 3J 2.3), 7.65-7.07(4H, m), 6.68(1H, d, 3J 2.3) and 
3.82(3H, s); Oc  164.53(q), 159.40(q), 147.07(q), 135.78(q), 129.66, 129.45, 120.26, 
117.87, 112.85, 97.19 and 55.46; m/z 217(M 54%), 186(43), 135(100), 105(28), 
92(25), 77(46) and 31(37). 
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Use of p-anisoyl chloride gave after chromatography: 
1-p-Anisoyl-3-aminopyrazole (0.64 g, 25%) mp 111-113 °C (from methanol). 
(Found: C, 61.1; H, 5.0; N, 19.3. C 11 H 1 1N302 requires C, 60.8; H, 5.1; N, 19.3%); 8H 
8.19(1H, d, 3J 3.0), 8.21-7.01(4H, m), 6.01(1H, d, 3J 3.0), 5.69(2H, br, s) and 
3.83(3H, s); 8c 163.67(q), 162.56(q), 159.41(q), 133.47, 131.66, 124.44(q), 113.40, 
101.63 and 55.58; m/z 217(M 22%), 186(23), 135(100), 105(19), 92(14), 77(35) and 
31(41) 
2-p-Anisoyl-3-aminopyrazOle (0.61 g, 23%) mp 106-108 °C (from toluene). (Found: 
C, 60.8; H, 5.3; N, 19.0. C 11 H 11 N302 requires C, 60.8; H, 5.1; N, 19.3%); 8H 8.09-
7.01(4H, m), 7.44(1H, d, 3J 1.8), 6.68(2H, br, s), 5.42(1H, d, 3J 1.8) and 3.84(3H, s); 
6c 168.81(q), 162.74(q), 152.32(q), 144.26, 133.64, 124.98, 113.29(q), 87.54 and 
55.60; m/z 217(M 11%), 186(9), 135(100), 105(14), 92(5), 77(26) and 31(29). 
3-p-Anisamidopyrazole (the 2-isomer rearranged over 24 days at 45 °C), (0.4 g, 
100%) mp 173-175 °C (from ethyl acetate). (Found: C, 60.7; H, 5.1; N, 19.2. 
C 11 H 11 N302 requires C, 60.8; H, 5.1; N, 19.3%); oH 10.7 1(1H, br, s), 7.63(1H, d, 3J 
2.2), 8.05-6.98(4H, m), 6.62(1H, d, 3J 2.2) and 3.81(3H, s); Oc  164.15(q), 162.04(q), 
147.05(q), 129.85, 129.52, 126.45(q), 113.73, 96.99 and 55.54; m/z 217(M 16%), 
186(21), 135(100), 105(25), 92(19), 77(44) and 31(33). 
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(2) 	Preparation of Acyl-3 -amino-4- (substituted)pyrazoles 
a-Formylphenylacetonitrile6° 
To a stirred mixture of sodium methoxide (27.8 g, 0.5 15 mol) and ethyl formate (40.7 
g, 0.55mo1) in toluene was added over 5 min phenylacetonitrile (58.5 g, 0.5 mol). The 
temperature rose to 30.5 °C and though the mixture became thick, agitation was 
maintained without difficulty. After the mixture was stirred for an additional hour it 
was treated with water (1 1), and two layers separated. The aqueous layer was drawn 
off and acidified with 10% hydrochloric acid to give the crystalline a-
formylphenylacetonitrile. After the mixture was cooled in an ice bath for 25 mm, the 
white product was filtered, washed well in water, and dried to yield 55.5 g (76%), mp 
160 °C from ethyl acetate (lit., 60  159-160 °C); E & Z isomers 8H 12.12(2H, br, s), 
8.02(2H, s) and 7.45(1OH, m); Z isomer 8c 159.69, 131.82(q), 128.74, 126.76, 
124.32, 117.08(q) and 89.63(q); E isomer 8c 158.15, 132.37(q), 129.10, 126.73, 
124.32, 120.47(q) and 89.82(q) ; 61 mlz 145(M 100%), 117(63), 116(34) and 90(26). 
3-Amino-4-phenylpyrazole 60  A 250 ml flask was charged with toluene (80 ml), 85% 
hydrazine hydrate (4.59 g, 7.8 mol), glacial acetic acid (7.61 ml), and a-
formyiphenylacetonitrile (8.8 g, 6.02 mol). The temperature rose to 30 °C during 
neutralization. The solution was heated under reflux for 4.5 hr, with water being 
removed azeotropically. After the mixture was cooled to room temperature, 
hydrochloric acid (18%, 11 ml) was added with vigorous stirring. The red toluene 
layer was then separated and washed with two portions of hydrochloric acid (18%, 5 
ml). The aqueous solutions were combined and filtered. Then the yellow filtrate was 
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neutralised with concentrated ammonium hydroxide solution to give a pale yellow 
solid which, after drying gave 3-Amino-4-phenylpyrazole (2.42 g, 31%), mp 164 °C 
(lit.,60  170-173 °C), 6H 7.66(IH, s), 7.51-7.08(5H, m); 8 C 149.42(q), 134.17, 
130.86(q), 128.69, 125.58, 124.68, 105.70(q); m/z 159 (M 100%), 77(71). 
3 -Amin o-4-phenylpyrazole was then mono-acylated in the usual way with 
methoxyacetyl chloride, the mixture of products separated by dry flash 
chromatography. 
1Methoxyacety1-3-amino-4-pheny1pYraZOle (0.69 g, 33%) mp 85-87 °C (from ethyl 
acetate). (Found: C, 62.2; H, 5.5; N, 18.1. C 12H 13N302 requires C, 62.3; H, 5.6; N, 
18.2%); 8H 8.31(1H, s), 7.58-7.29(5H, m), 5.64(2H, br, s), 4.66(2H, s) and 3.37(3H, 
s); öc 166.96(q), 156.45(q), 130.96(q), 129.04, 127.44, 127.36, 126.57, 116.29(q), 
69.92 and 58.87; in/z 231(M 82%), 171(89), 159(58), 144(13), 130(41), 116(19) 
102(35), 89(14), 77(50), 63(11) and 45(100). 
2-Methoxyacetyl-3-amino-4-phenylpyrazole (0.61 g, 30%) mp 88-89 °C (from 
toluene). (Found: C, 62.5; H, 5.7; N, 18.4. C 12H 1 3N302 requires C, 62.3; H, 5.6; N, 
18.2%); oH 7.83(1H, s), 7.60-7.12(5H, m), 6.78(2H, br, s), 4.74(2H, s) and 3.40(3H, 
s); Oc 172.68(q), 146.49(q), 144.09, 131.83(q), 128.93, 125.85, 125.63, 102.12(q), 
70.41 and 58.85; m/z 231(M 100%), 171(81), 159(67), 144(46), 130(58), 116(54) 
102(25), 89(25), 77(27), 63(44) and 45(55). 
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3Methoxyacetamido-4-phenyIpYraZOIe (the 2-isomer rearranged over 20 days at 45 
°C), (1.00 g, 100%) mp 108-109 °C (from ethanol). (Found: C, 62.0; H, 5.5 ; N, 17.9. 
C 12H 1 3N302 requires C, 62.3; H, 5.6; N, 18.2%); 8H 12.85(1H, br, s), 9.63(1H, br, s), 
7.52-18(5H, m), 7.52(1H, s), 4.00(2H, s) and 3.38(3H, s); 8c 169.89(q), 141.23(q), 
132.65(q), 129.32, 128.62, 126.34, 126.14, 116.27(q), 71.65 and 58.92; m/z 231(M 
100%), 171(85), 159(49), 144(36), 130(49), 116(40) 102(29), 89(9), 77(35), 63(37) 
and 45(60). 
3-Amino-4-cyanopyrazOle was commercially available. 
3-Amino-4-cyanopyrazole was then mono-acylated in the usual way with 
methoxyacetyl chloride, the mixture of products separated by dry flash 
chromatography. 
2-Methoxyacetyl-3-amino-4-cyaflOpYraZOle (0.58 g, 19%) mp 160-161 °C (from 
toluene). (Found: C, 46.2; H, 4.7; N, 31.4. C 7H8N402 requires C, 46.7; H, 4.4; N, 
3 1.1%); 6H 7.98(2H, br, s), 7.86(1H, s), 4.68(2H, s) and 3.39(3H, s); öc 172.04(q), 
157.75(q), 144.60, 113.79(q), 85.98(q), 70.42, 58.80; m/z 180(M 100%), 120(41), 
108(88), 79(87), 78(87), 77(92) 72(56), 7 1(44) and 69(66). 
3-Methoxyacetamido-4-cyanopyrazole (the 2-isomer rearranged over 30 days at 45 
°C), (1.00 g, 100%) mp 168-169 °C (from ethanol). (Found: C, 46.6; H, 4.0 ; N, 31.5. 
C 12H 13N302 requires C, 46.7; H, 4.4; N, 31.1%); 8H 13.47(IH, br, s), 10.28(1H, br, s), 
10.74(1H, s), 4.04(2H, s) and 3.35(3H, s); öc 167.42(q), 154.47(q), 136.43, 112.87(q), 
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72.36(q), 70.06, 58.84; m/z 180(M 100%), 120(35), 108(67), 79(85), 78(90), 77(89) 
72(53), 7 1(42) and 69(60). 
(3) Preparation of Acyl-3 -amino-5 - (substituted)pyrazoles 
3-Amino-5-t-butylpyrazole was available within the group. 
3-Amino-5-t-butylpyrazole was then mono-acylated with methoxyacetyl chloride in 
the usual way with methoxyacetyl chloride, the mixture of products being separated 
by dry flash chromatography. 
2Methoxyacety1-3-amino-5-t-butY1PYraZOIe (0.47 g, 20%) mp 83-84 °C (from 
toluene). (Found: C, 56.9; H, 8.2; N, 20.2. C 10H 17N302 requires C, 56.9; H, 8.1; N, 
19.9%); 8H 5.23(1H, s), 6.46(2H, br s), 4.62(2H, m), 3.37(3H, m) and 1.14(9H, s); 8 c  
171.49(q), 151.30(q), 165.76(q), 84.55, 70.14, 58.71, 32.15 and 29.46; mlz 211(M 
35%), 181(28), 152(41), 151(23), 150(12), 139(100), 136(40), 94(16), 80(12) and 
67(14). 
3-Methoxyacetamido-5-t-butylpyrazole (the 2-isomer rearranged over 10 days at 90 
°C), (0.40 g, 100%) mp 129-130°C (from methanol). (Found: C, 56.7; H, 8.0; N, 20.2. 
C 10H17N302 requires C, 56.9; H, 8.1; N, 19.9%); 8H 12.25(one NH missing), 9.84(1H, 
br, s), 6.27(1H, s), 3.95(2H, s), 3.33(3H, s) and 1.25(9H, 5); 8c 167.04(q), 152.93, 
144.71(q), 92.57, 71.24, 58.65 and 30.05; m/z 211(M 34%), 181(28), 152(39), 
151(22), 150(9), 139(100), 136(44), 94(12), 80(5) and 67(12). 
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3-Amino-5-t-butylpyrazOle was then mono-acylated with p-toluoyl chloride in the 
usual way as with methoxyacetyl chloride, the mixture of products being separated by 
dry flash chromatography. 
2.pTotuoyl3amino-5-t-bUtY1PYraZ0le (0.35 g, 21%) 129-130 °C (from toluene). 
(Found: C, 70.3; H, 7.5; N, 15.9. C 15H 1 9N30 requires C, 70.0; H, 7.4; N, 16.3%); 8H 
8.00-7.28(4H, m), 6.59(2H, hr s), 5.36(1H, s), 2.38(3H, s) and 1.18(9H, s); 6 c  
169.00(q), 165.21(q), 152.43(q), 142.68, 131.32, 130.49(q), 128.37, 84.82, 32.16(q), 
29.49 and 21.21;nilz257(M66%),229(ll), 120(31), 119(100), 118(20) and 9l(18). 
3-p-Toluamido-5-t-butylpYraZOle (0.45 g, 26%) mp 129 °C (from methanol). 
(Found: C, 70.1; H, 7.6; N, 16.0. C 15H 1 9N30 requires C, 70.0; H, 7.4; N, 16.3%); 
11.20(1H, br, s), 8.03-7.30(4H, m), 6.90(1H, s), 2.41(3H, s), 1.29(9H, s); 5 c  
164.86(q), 162.89(q), 141.80(q), 131.50, 129.49, 129.35(q), 128.41, 95.59, 32.28(q), 
29.23 and 21.06; nilz 257(M 64%), 229(10), 120(29), 119(100), 118(19) and 91(18). 
3-Amino-5-methylpyrazole was available within the group. 
3-Amino-5-methylpyrazole was then mono-acylated in the usual way with 
methoxyacetyl chloride, the mixture of products being separated by dry flash 
chromatography. 
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2-Methoxyacetyl-3-amino-5-methylpyrazole (0.78 g, 35%) mp 188-90 °C (from 
ethyl acetate). (Found: C, 50.1; H, 6.7; N, 24.5. C7H 11 N302 requires C, 49.7; H, 6.6; 
N, 24.8%); 5H 6.53(2H, br s), 5.18(1H, s), 4.63(2H, m), and 3.37(3H, m) and 2.01(3H, 
s); & 171.35(q), 151.58(q), 153.71(q), 87.70, 70.28, 58.73 and 13.98; mlz 169(M 
47%), 139(50), 119(32), 111(11), 110(100), 109(47), 97(80) and 91(20). 
3-Methoxyacetamido-5-methylpyrazOle (the 2-isomer rearranged over 6 weeks at 45 
°C), (0.60 g, 100%) mp 122-123 °C (from ethyl acetate). (Found: C, 49.6; H, 6.6; N, 
24.7. C7H 11 N302 requires C, 49.7; H, 6.6; N, 24.8%); 8H 9.83(1H, br, s), 6.25(1H, s), 
3.96(2H, s), 3.33(3H, s) and 2.19(3H, s); 5 c 167.05(q), 146.29(q), 138.93, 95.71, 
71.27, 58.69 and 10.91; in/z 169(M 47%), 139(48), 119(34), 111(13), 110(100), 
109(42), 97(79) and 91(14). 
(4) Preparation of Acyl-3-aminoindazoles 
3-Aminoindazole 73  To a mixture of o-aminobenzonitrile (5.75 g, 0.05 mol) and 
concentrated hydrochloric acid (62.5 ml) at 0 °C was added a solution of sodium 
nitrite (3.75 g, 0.05 mol) in a minimum amount of water. The diazonium solution was 
added dropwise to a solution of stannous chloride (76 g) in concentrated hydrochloric 
acid (34.75 ml) kept at 0-5 °C. The resulting tin double salt of 3-aminoindazole 
separated, filtered off, and was dissolved without washing in water. The aqueous 
solution was then boiled for ten minutes, cooled and made strongly alkaline with 
sodium hydroxide. The precipitated solid was filtered off and extracted with 
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dichioromethane, which was removed in vacuo to produce 3-aminoindazole (0.73 g, 
15%),mp 154°C(ht., 73  154-156°C). 
SF! 11.35(1H, s), 7.65-6.85(4H, m) and 5.25(2H, s); Sc 149.01(q), 141.35(q), 125.03, 
120.09, 117.01, 113.07 and 109.31(q). 
3-Aminoindazole was then mono-acylated in the usual way with methoxyacetyl 
chloride, the mixture of products being separated by dry flash chromatography. 
oMethoxyacetamidObeflZOnitr1le 
This was formed when some unreacted o-aminobenzonitrile present in the sample of 
3-aminoindazole, went on to react with methoxyacetyl chloride and was separated 
with the other acylated products after chromatography. 
oMethoxyacetamidobeflZOflitrile (0.24 g, 2%) mp 81-82 °C (from ethyl acetate). 
(Found: C, 63.0; H, 5.1; N, 15.0. C 10H10N202 requires C, 63.1; H, 5.3; N, 14.7%); 8H 
9.94(1H, br, s), 7.83-7.32(4H, m), 4.07(2H, s) and 3.42(3H, s); 5c 168.80(q), 
139.72(q), 133.97, 133.11, 126.02, 125.32, 116.79(q), 107.43(q), 71.59 and 58.98; nilz 
190(M 29%), 160(36), 132(19), 131(40), 130(15) and 45(100). 
1Methoxyacety1-3-amiflOifldaZOte (0.39 g, 12%) mp 123-124 °C (from methanol). 
(Found: C, 58.7; H, 5.5; N, 20.1. C 10H 11 N3O2 requires C, 58.5; H, 5.4; N, 20.5%); 
5H 8.23-7.29(4H, m), 6.53(2H, br, s), 4.67(2H, s) and 3.41(3H, s); 5c 167.73(q), 
153.17(q), 139.28(q), 129.85, 123.78, 120.92, 119.88(q), 114.68, 70.34 and 58.75; mlz 
205(M 41%), 204(20), 190(2), 146(100), 145(53), 133(52), 104(30), 78(32), 52(15) 
and 46(90). 
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1Methoxyacety1-3-methoxyaCetaIflidOifldaZOIe (0.31 g, 9%) mp 97-98 °C (from 
toluene). (Found: C, 56.0; H, 5.6; N, 15.6. C 13H 15N304 requires C, 56.3; H, 5.5; N, 
15.2%); oH 10.77(1H, br, s), 8.33-7.38(4H, m), 4.82(2H, s), 4.20(2H, s), 3.45(3H, s) 
and 3.41(3H, s); Oc 169.27(q), 169.07(q), 145.30(q), 139.43(q), 130.36, 124.31, 
123.11, 120.01(q), 114.45, 71.19, 70.30, 58.87 and 58.80; mlz 277(M 70%), 249(19), 
218(26), 204(46), 201(18), 190(13), 159(20), 158(23), 146(25), 145(39), 144(l 1) and 
45(100). 
3MethoxyacetamidoindaZO1e (2.15 g, 66%) mp 134-135 °C (from methanol). 
(Found: C, 58.5; H, 5.5; N, 20.3. C 10H 1 1N302 requires C, 58.5; H, 5.4; N, 20.5%); 6H 
10.09(1H, br, s), 7.73-7.01(4H, m), 4.13(2H, s) and 3.41(3H, s); 0c  169.54(q), 
141.76(q), 139.85(q), 127.18, 122.14, 120.34, 117.11(q), 110.83, 71.87 and 59.23; nilz 
205(M 65%), 204(40), 190(40), 146(7), 133(100), 104(22), 78(9), 52(7) and 46(12). 
(5) Preparation of Acyl-4-aminopyrazoles 
N-Nitropyrazole67  (10.8 g, 93%) mp 92-93 °C, Lit. 
67  mp 92-93 °C. Made as below. 
4-Nitropyrazole7 ' N-Nitropyrazole (11.19 g, 99 mmol) was cooled a ice bath and 
treated with concentrated suphuric acid (50 ml) and the suspension was then stirred 
for 14 h. The clear solution was added to ten times excess of ice and the precipitate 
that subsequently formed was isolated by filtration, giving 4-nitropyrazole (4.74 g, 42 
mmol, 42%) mp 161-162 °C (from methanol), (Lit., 7 ' 162 °C). 
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4-Aminopyrazole A suspension of 4-nitropyrazole (0.50 g, 4 mmol) and palladium-
on-carbon catalyst (5%, 0.10 g) in ethanol was reduced in a Parr apparatus with 
hydrogen at a pressure of 45 psi for 14 h. The catalyst was filtered off and the solvent 
was evaporated at reduced pressure, to give 4-Aminopyrazole (0.39 g, 5 mmol, 95%) 
mp 81-83 °C (from ethyl acetate, (Lit. 
'77  80-82 °C). oH 7.00(2H, s), three NH peaks 
missing; 0c 130.21(q) and 122.47. 
4-Aminopyrazole was then mono-acylated in the usual way with one equivalent of 
methoxyacetyl chloride, which produced the di-acylated product. 
1Methoxyacety14methOXYaCet1mid0PYraz0te (3.40 g, 47%) mp 114-115 °C (from 
methanol). (Found: C, 47.9; H, 5.6; N, 18.1. C9H 1 3N304 requires C, 47.6; H, 5.8; N, 
18.5%); 0H 10.31(1H, br, s), 8.45(1H, d, 3J 0.6), 8.00(1H, d, 3J 0.6), 4.81(2H, s), 
4.00(2H, s), 3.39(3H, s) and 3.37(3H, s); 0c 168.39(q), 167.98(q), 138.02, 124.71(q), 
116.50, 71.58, 69.71, 58.94 and 58.91; mlz 227(M 18%), 199(13), 169(30), 168(16), 
140(39), 96(13), 47(30) and 46(100). 
1Methoxyacetyl4methOXyacetamid0PYraZ0le was then de-acylated by refluxing in 
methanol for one hour, the solvent was then removed in vacuo to give: 
4MethoxyacetamidopyraZOle (0.40 g, 87%) mp 96-97 °C (from ethyl acetate). 
(Found: C, 46.7; H, 5.6; N, 27.0. C 6H9N302 requires C, 46.4; H, 5.8; N, 27.1%); oH 
9.89(1H, br, s), 7.74(2H, s), 3.94(2H, s) and 3.35(3H, s); 0c 166.74(q), 135.09, 
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125.02(q), 120.73, 71.74 and 58.90; m/z 155(M 35%), 125(39), 96(25), 95(21), 86(7) 
and 46(100). 
(6) Preparation of Labelled Precursors 
Anhydrous Nitric Acid H' 5N0369  A 25 ml two-necked round bottomed flask was 
equipped with a 10 ml pressure equalising dropping funnel, a short path distillation 
head, thermometer, and receiving flask. Fumming sulphuric acid (3 ml, 30% S03) 
was added to the dropping funnel. The system was then put under full vacuum and 
evacuated to a pressure of 0.002 Torr and the receiving flask was placed in a dry 
ice/acetone bath. The excess S0 3  was collected in the receiving flask as a white 
powder. Once all the excess S03 had been removed, with gentle heating perhaps being 
necessary, the receiving flask was cleaned, then Na' 5NO3 (2 g, 23 mmol) was added to 
the round bottomed flask and the receiving flask was again placed in the dry 
ice/acetone bath. The system was then put under full pump vacuum and the 
concentrated sulphuric acid was added to the reaction flask over a 10-minute period. 
Initially the reaction was vigorous, then it subsided. The flask was then heated 
gradually to 100 °C for 15 minutes to insure complete reaction. The anhydrous 
H' 5NO3  was then collected as a white crystalline solid which upon removal from the 
dry ice/acetone bath became a colourless liquid, H' 5NO3 (1.29 g, 20 mmol, 87%). 
N-([ 15N]Nitro)pyrazole 
Anhydrous nitric acid H' 5NO3 prepared as above (0.75 ml) was added to a solution of 
pyrazole (1.7 g) in acetic acid (6 ml) while stirring vigorously. The mixture was then 
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cooled with an ice bath to maintain the temperature below 30 °C. Acetic anhydride (4 
ml) was added with stirring. The suspension was stirred at room temperature for 2-3 h. 
the clear solution was then poured onto ice (40 g), and potassium carbonate was added 
in small portions. The precipitate was isolated by filtration and dried at room 
temperature, producing N-(['5N]nitro)pyrazole (2.20 g, 19 mmol, 78%) mp 92-93 °C, 
(unlabelled, Lit. 67 mp 92-93 °C). 8H 8.76(1H, d, 3J 2.9), 7.85(1H, d, 3J 2.9) and 
6.67(1H, d, 3J 2.9). 
3(5)-([15N]Nitro)pyrazole 
A solution of N-([ 15 N]nitro)pyrazole N-Nitro-' 5N-pyrazole (2.20 g, 19 mmol) in 
benzonitrile (45 ml) was heated under reflux for 2 h. The solution was then cooled to 
room temperature and poured into hexane (250 ml). The resultant precipitate was 
isolated by filtration and recrystallised from toluene in order to prevent contamination 
of the 3(5)-([ 15N]amino)pyrazole with the benzylamine in the next step, 3(5)- 
15 	(1.28 g, 11 mmol, 58%) mp 174 °C. (unlabelled, Lit 
.67  174-175 
°C). oH 7.99(1H, d, 3J 2.4) and 7.01(1H, d, 3J 2.4). 
3(5)-([15N]Amino)pyrazole (0.75 g, 82%) mp 37-38 °C. Lit. 37-39 °C. 
A suspension of 3(5)-([15N]nitro)pyrazole (1.25 g, 11 mmol) and palladium-on-carbon 
catalyst (5%, 0.75 g) in ethanol was reduced in a Parr apparatus with hydrogen at a 
pressure of 45 psi for 14 h. The catalyst was filtered off and the solvent was 
evaporated at reduced pressure, to give 3(5)-([15N]amino)pyrazole (0.75 g, 9 mmol, 
82%) mp 37-38 °C, (unlabelled, Lit. 67 37-39 °C). 8. 1 1.51(IH, s), 7.24(IH, d, 3J 2.0), 
5.37(1H, d, 3J 2.0), 4.72(1H, br, s) and 4.40(lH, br, s). 
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3(5)-([15N]amino)pyraZOle was then mon-acylated in the usual way with 1-
[13C]phenylacetyl chloride, the mixture of products being separated by dry flash 
chromatography. The acid chloride was obtained from the acid, l-[' 3C]phenylacetyl 
acid (1 g, 0.7 mmol), by refluxing for 2 hours with thionyl chloride (5 ml), to give 
Phenylacetyl-carbOXy- 13C chloride (1.11 g, 0.7 mmol, 98%). 
3(5)([15N]amino)pyraZole was then mono-acylated in the usual way with 1-
[ 13 C]phenylacetyl chloride, the mixture of products being separated by dry flash 
chromatography. 
(0.52 g, 36%) mp 103-104 °C (from 
ethyl acetate). 8H 8.05(1H, d, 3J 2.9), 7.33-7.21(5H, m), 5.98(1H, d, 3J 2.9), 5.87(1H, 
s), 5.53(1H, s), 4.26(1H, s) and 4.24(1H, s); 8c 168.30(q), 168.24, 159.10(q, dd, ' JCN 
12), 134.74(q), 129.84, 128.50, 126.93, 102.48 and 39.98; m/z 203(M 12%), 202(7), 
119(32), 92(21), 91(21), 90(17) and 84(100). 
2(1[13C]pheny1acety1)3([15N]amifl0)PYraZ01e (0.33 g, 23%) mp 97-98 °C (from 
toluene). 8H 7.44(1H, d, 3J 1.6), 7.33-7.20(5H, m), 6.83(1H, s), 6.39(1H, s), 5.35(1H, 
d, 3J 1.6) and 4.37(1H, s), 4.33(IH, s); Sc 173.66(q), 151.43(q, d, 'JcN17), 144.47, 
134.37(q), 129.91, 128.40, 126.94, 87.60 and 41.11(d); m/z 203(M 16%), 202(5), 
119(34), 92(25), 91(13), 90(23) and 84(100). 
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3(1['3C]['5N1phenyIacetamid0)PYraZ0Ie (the 1- and 2-isomers rearranged over 14 
days at 45 °C) (0.60 g, 100%) mp 166-167 °C (from ethyl acetate). SH 
10.80-10.43 
(1H, t), 7.55(1H, d, 3J 2.1), 7.33-7.18 (5H, m), 6.44(1H, d, 3J 2.1), 3.59(2H, t). 8c-
168.18(q), 165.34(q), 144.36, 136.32(q), 129.04, 128.20, 126.42, 95.78, 42.42(d); m/z 
203(M 14%), 202(73), 119(32), 92(29), 91(82), 90(1) and 84(100). 
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K 	Kinetic data 
Table 8 represents the decay with time for ground crystals of 2-methoxyacetyl-3-
aminopyrazole 44 at 25°C, sample I (Fig. 31). 
Time 
(in seconds) 
2-isomer (2 -+ 3 and 2 -p 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
77400 99.0 0 1.0 
176400 94.4 0 5.6 
253800 90.0 0 10.0 
439800 73.0 0 27.0 
517500 64.5 0 35.5 
703200 35.0 0 65.0 
775800 24.0 0 76.0 
867600 8.4 0 91.6 
1031400 2.0 0 98.0 
Table 9 represents the decay with time for ground crystals of 2-methoxyacetyl-3-
aminopyrazole 44 at 25°C, sample 2 (Fig. 31). 
Time 
(in seconds) 
2-isomer (2 -p 3 and 2 - 1) 
 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
162000 84.5 0 15.5 
253800 76.1 0 23.9 
439800 53.1 0 46.9 
517500 40.5 0 59.5 
604800 23.5 0 76.5 
703200 5.3 0 94.7 
775800 2.3 0 97.7 
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Table 10 represents the decay with time for ground crystals of 2-methoxyacetyl-3-
aminopyrazole 44 at 25°C, sample 3 (Fig. 31). 
Time 
(in seconds) 
2-isomer (2 -* 3 and 2 -* 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 98.1 0 1.9 
67500 97.3 0 2.7 
90000 93.6 0 6.4 
136020 90.3 0 9.7 
208680 83.3 0 16.7 
340440 68.9 0 31.1 
429900 55.7 0 44.3 
505500 53.8 0 46.2 
604860 32.7 0 67.3 
689460 0 0 100 
Table 11 represents the decay with time for small crystals of 2-methoxyacetyl-3-
aminopyrazole 44 at 25°C, sample 1 (Fig. 32). 
Time 
(in seconds) 
2-isomer (2 -* 3 and 2 -p 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
77400 98.3 0 1.7 
176400 87.0 0 13.0 
190800 84.9 0 15.1 
253800 75.0 0 25.0 
439800 38.3 0 61.7 
517500 20.0 0 80.0 
604800 2.0 0 98.0 
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Table 12 represents the decay with time for small crystals of 2-methoxyacetyl-3-
aminopyrazOle 44 at 25°C, sample 2 (Fig. 32). 
Time 
(in seconds) 
2-isomer (2 - 3 and 2 - 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 97.8 0 
2.2 
69180 96.7 0 
3.3 
90780 95.1 0 
4.9 
137880 89.9 - 	0 
10.1 
210480 83.6 
- 0 16.4 
342840 70.2 0 
29.8 
- 	432120 	- 57.6 - 	0 
- 42.4 
602400 30.7 0 
69.3 
687000 12.2 0 
87.8 
773400 0 0 
100 
Table 13 represents the decay with time for grown crystals of 2-methoxyacetyl-3-
minnnvrazole 44 at 25°C, sample 1 (Fig. 33). 
Time 
(in seconds) 
2-isomer (2 -* 3 and 2 
 
% 2-isomer 	I % 1-isomer % 3-isomer 
0 100 0 0 
69100 97.5 0 2.5 
145200 90.2 0 9.8 
269200 92.4 0 7.6 
365000 87.0 0 13.0 
495000 82.0 0 17.0 
514000 80.0 0 20.0 
645000 75.6 0 24.4 
956020 64.0 0 26.0 
1106000 59.0 0 41.0 
r 1526300 56 0 44.0 
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2105200 50.3 0 49.7 
2826300 35.7 0 64.3 
3425900 26.5 0 73.5 
Table 14 represents the decay with time for small crystals of 2-methoxyacetyl-3-
aminopyrazole 44 at 45°C, sample 1 (Fig. 35). 
Time 
(in seconds) 
2-isomer (2 -* 3 and 2 -f  1) 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
21600 83.9 0 16.1 
30600 76.9 0 23.1 
36000 75.6 0 24.4 
46200 63.6 0 36.4 
55800 46.2 0 53.8 
68400 42.8 0 57.2 
78300 32.2 0 67.8 
92100 19.9 0 80.1 
106500 6.5 0 93.5 
119700 2.0 0 98.0 
Table 15 represents the decay with time for small crystals of 2-methoxyacetyl-3-
aminopyrazole 44 at 45°C, sample 2 Fig. 35). 
Time 
(in seconds) 
2-isomer (2 - 3 and 2 - 	1) 
 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
16800 100 0 0 
38400 97.5 0 2.5 
49140 91.8 0 8.2 
59940 87.7 0 12.3 
73140 80.5 0 19.5 
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I 	90840 69.1 0 30.9 
102120 61.2 0 38.8 
Table 16 represents the decay with time for small crystals of 2-methoxyacetyl-3-
aminopyrazole 44 at 35°C, sample 1 (Fig. 55). 
Time 
(in seconds) 
2-isomer (2 -* 3 and 2 - 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 95.8 0 4.2 
4920 94.4 0 5.6 
19260 94.1 0 5.9 
111060 88.8 0 11.2 
209460 69.4 0 30.6 
358860 35.3 0 64.7 
Table 17 represents the decay with time for ground crystals of 1-methoxyacetyl-3-
aminopyrazole 45 at 25°C, sample 1 (Fig. 28). 
Time 
(in seconds) 
1-isomer (1 - 3) 
% 1-isomer % 3-isomer 
0 100 0 
10800 100 0 
18000 98.0 2.0 
86400 95.0 5.0 
172800 86.6 13.4 
262830 79.0 21.0 
351900 76.0 24.0 
439200 68.0 32.0 
536100 60.6. 39.4 
612000 51.0 49.0 
784715 28.1 71.9 
964860 15.0 85.3 
173 
1033200 	 12.0 	 I 	88.0 
1315800 	 4.0 	 96.0 
Table 18 represents the decay with time for ground crystals of 1 -methoxyacetyl-3-
aminopyrazole 45 at 25°C, sample 2 (Fig. 28). 
Time 
(in seconds) 
1 -isomer (l -+3) 
% 1-isomer % 3-isomer 
0 100 0 
14400 92.0 8.0 
86400 78.0 22.0 
172800 59.6 40.3 
527400 4.6 95.4 
606600 0.5 99.5 
Table 19 represents the decay with time for ground crystals of 1-methoxyacetyl-3-
aminopyrazole 45 at 25°C, sample 3 (Fig. 28). 
Time 
(in seconds) 
1-isomer (1 -+ 3) 
% 1-isomer % 3-isomer 
0 99.6 0.4 
68100 98.3 1.7 
90600 98.8 1.2 
136800 93.1 2.9 
208500 90.6 9.4 
341040 82.2 17.8 
430920 75.6 24.4 
506520 69.0 31.0 
603540 58.3 41.7 
605520 59.6 40.4 
690120 49.5 50.5 
769320 36.0 64.0 
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I 	855720 I 	23.8 I 	76.2 
951120 11.7 88.3 
Table 20 represents the decay with time for small crystals of 1-methoxyacetyl-3-
aminopyrazole 45 at 25°C, sample I (Fig. 29). 
Time 
(in seconds) 
1-isomer (1 	3) 
% 1-isomer % 3-isomer 
0 100 0 
16200 88.0 12.0 
91800 57.0 43.0 
183600 54.3 46.0 
270900 37.0 63.0 
358200 27.0 73.0 
449100 20.0 80.0 
531000 17.0 83.0 
699000 11.0 89.0 
876760 4.9 95.1 
952200 6.3 93.7 
Table 21 represents the decay with time for small crystals of 1-methoxyacetyl-3-
aminopyrazole 45 at 25°C, sample 2 (Fig. 29). 
Time 
(in seconds) 
1-isomer (1 -+ 3) 
% 1-isomer % 3-isomer 
0 100 0 
14400 100 0 
86400 92.3 7.7 
172800 89.8 10.2 
527400 61.3 38.7 
613800 21.0 79.0 
698400 9.4 90.5 
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786600 	I 	0 
	
100 
Table 22 represents the decay with time for small crystals of 1-methoxyacetyl-3-
aminopyrazole 45 at 25°C, sample 3 (Fig. 29). 
Time 
(in seconds) 
1-isomer (1 -* 3) 
% 1-isomer % 3-isomer 
0 99.1 0.9 
69480 93.7 6.3 
92100 93.4 6.6 
138480 90.2 9.8 
254820 89.6 10.4 
343020 87.6 12.4 
432600 84.8 13.2 
504600 78.1 21.9 
605520 75.2 24.8 
607560 77.4 22.6 
692160 68.1 31.9 
779160 68.4 31.6 
855560 62.1 37.9 
953520 59.9 40.1 
1037160 59.9 40.1 
1119780 53.6 46.4 
Table 23 represents the decay with time for grown crystals of I -methoxyacetyl-3-
aminopyrazole 45 at 25°C, sample 1 (Fig. 30). 
Time 
(in seconds) 
1-isomer (1 -* 3) 
 
% 1-isomer % 3-isomer 
0 98.0 2.0 
86400 90.8 9.2 
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172800 85.2 14.8 
262830 79.0 21.0 
351900 73.0 27.0 
439200 66.0 34.0 
530100 63.0 37.0 
612000 55.0 45.0 
784725 41.0 59.0 
964860 26.5 73.5 
1033200 14.0 76.0 
1315800 12.0 88.0 
Table 24 represents the decay with time for grown crystals of 1-methoxyacetyl-3-
aminopyra.zole 45 at 25°C, sample 2 (Fig. 30). 
Time 
(in seconds) 
1-isomer (1 - 3) 
% 1-isomer % 3-isomer 
0 97.1 2.9 
82800 94.1 5.9 
169200 90.7 9.3 
255600 96.5 3.5 
342780 93.5 6.5 
428400 85.4 14.6 
509100 85.9 14.1 
673200 85.2 14.8 
1031700 69.3 30.7 
1903800 58.4 41.6 
2584800 40.2 59.8 
3094200 35.5 64.5 
3708600 42.9 57.1 
4042800 39.8 60.2 
4639800 36.2 63.8 
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Table 25 represents the decay with time for small crystals of 1-methoxyacetyl-3-
aminopyrazole 45 at 45°C, (Fig. 34). 
Time 
(in seconds) 
1-isomer (1 -+ 3) 
% 1-isomer % 3-isomer 
0 87.8 12.2 
1200 82.6 17.4 
2400 76.1 23.9 
3300 72.3 27.7 
4320 65.2 34.8 
5100 64.8 35.2 
6000 58.4 41.6 
7200 52.0 48.0 
8700 48.2 51.8 
10800 47.5 52.5 
Table 26 represents the decay with time for small crystals of 1-acetyl-3-
aminopyrazole 53 at 45°C, (Fig. 36). 
Time 
(in seconds) 
1-isomer (1 -. 	3) 
% 1-isomer % 3-isomer 
0 100 0 
604800 100 0 
1209600 100 0 
2419200 100 0 
4838400 100 0 
6307200 97.0 3.0 
12873600 94.5 5.5 
30758400 86.0 14.0 
40348800 52.3 17.7 
60696000 79.2 20.7 
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Table 27 represents the decay with time for small crystals of 2-acetyl-3-
aminopyrazole 66 at 45°C (Fig. 37). 
Time 
(in seconds) 
2-isomer (2 -* 3 and 2 -+ 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
86400 90.5 0 9.5 
180000 80.0 7.1 12.0 
262800 69.2 10.6 20.1 
358200 64.5 13.1 22.4 
442800 57.4 14.0 28.7 
608400 48.2 17.6 34.2 
687600 46.2 18.0 35.8 
865800 43.5 19.9 36.6 
1204200 32.9 20.9 46.2 
1382400 25.1 25.3 49.6 
1562400 21.8 26.4 51.8 
1886400 17.9 28.5 53.6 
1735200 16.5 28.3 55.3 
2755800 3.2 32.6 64.2 
Table 28 represents the decay with time for small crystals of 1-(dimethylacetyl)-3-
aminopyrazole 55 at 45°C, (Fig. 40). 
Time 
(in seconds) 
1-isomer (1 - 3) 
% 1-isomer % 3-isomer 
0 100 0 
198000 73.0 27.0 
934800 50.9 49.1 
1364400 41.2 58.8 
2152800 29.1 70.9 
3783600 16.0 84.0 
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8017200 	I 	10.7 	 I 	89.3 
Table 29 represents the decay with time for small crystals of 2.-(dimethylacetyl)-3-
aminopyrazole 68 at 45°C (Fig. 41). 
Time 
(in seconds) 
2-isomer (2 -* 3 and 2 - 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
93600 96.4 0 3.6 
352800 83.4 0 16.6 
450000 75.2 0 24.8 
928800 43.3 0 56.7 
1056000 35.0 0 65.0 
1362600 14.4 0 85.6 
Table 30 represents the decay with time for small crystals of 1-propionyl-3-
aminopyrazole 54 at 45°C, (Fig. 38). 
Time 
(in seconds) 
1-isomer (1 - 3) 
% 1-isomer % 3-isomer 
0 96.0 4.0 
691200 70.0 30.0 
777600 71.0 29.0 
3283200 61.0 39.0 
5616000 56.8 43.2 
8899200 47.0 53.0 
11923200 42.1 57.9 
29721600 30.7 69.3 
50068800 1.0 99.0 
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Table 31 represents the decay with time for small crystals of 2-propionyl-3-
aminopyrazole 67 at 45°C (Fig. 39). 
Time 
(in seconds) 
2-isomer (2 - 3 and 2 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
1900800 94.0 0 6.0 
3283200 89.9 0 10.1 
5702400 90.1 0 9.9 
9936000 86.2 0 13.8 
12960000 79.6 0 20.4 
30844800 76.2 0 23.8 
39312000 65.1 0 34.9 
51192000 38.6 0 61.4 
Table 32 represents the decay with time for small crystals of 1-(trimethylacetyl)-3-
aminopyrazole 56 at 45°C, (Fig. 42). 
Time 
(in seconds) 
1-isomer (1 -* 3) 
% 1-isomer % 3-isomer 
0 96.0 4.0 
176400 57.0 43.0 
190800 65.0 35.0 
367200 49.8 50.2 
626400 26.2 73.8 
727200 22.2 77.8 
Table 33 represents the decay with time for small crystals of 1-benzoyl-3-




1 -isomer (l 	3) 
% 1-isomer I 	% 3-isomer 
0 100 0 
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61200 99.0 1.0 
2937600 81.0 19.0 
541000 58.0 42.0 
958000 32.0 68.0 
1313200 10.8 89.2 
2160000 2.0 98.0 
5313600 2.0 98.0 
Table 34 represents the decay with time for small crystals of 1-phenylacetyl-3-
aminopyrazole 57 at 45°C, (Fig. 44). 
Time 
(in seconds) 
1-isomer (1 -+ 3) 
% 1-isomer % 3-isomer 
0 94.7 5.3 
100800 82.2 17.8 
194400 78.3 21.7 
279300 76.0 24.0 
374700 71.9 28.1 
705900 52.6 47.4 
1394400 27.3 72.7 
1750800 18.4 81.6 
19545200 14.7 85.3 
2769600 10.5 89.5 
3201600 10.2 89.8 
Table 35 represents the decay with time for small crystals of 2-phenylacetyl-3-
aminopyrazole 70 at 45°C (Fig. 45). 
Time 
(in seconds) 
2-isomer (2 - 3 and 2 -* 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 98.0 1.0 1.0 
3600 96.0 1.0 3.0 
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21600 85.9 5.5 8.6 
30600 79.9 7.1 13.0 
36000 76.5 8.7 14.8 
46200 68.1 11.1 20.8 
55200 57.7 13.3 29.0 
67800 38.2 16.9 44.8 
77700 26.1 23.4 50.5 
91500 14.3 17.1 68.6 
105900 7.8 16.1 76.1 
Table 36 represents the decay with time for small crystals of 1-p-toluoyl-3-
aminopyrazole 59 at 45°C, (Fig. 46). 
Time 
(in seconds) 
1-isomer (1 -* 3) 
% 1-isomer % 3-isomer 
0 89.0 11.0 
259200 89.0 11.0 
345600 87.9 12.1 
691200 84.6 15.4 
864000 82.9 17.1 
1382400 84.5 15.5 
3283200 81.8 182.2 
12873600 78.2 21.8 
31672000 70.3 29.7 
65368000 48.0 52.0 
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Table 37 represents the decay with time for small crystals of 2-p-toluoyl-3-
aminoiDvrazole 72 at 45°C (Fig. 47). 
Time 
(in seconds) 
2-isomer (2 - 3 and 2 - 1) 
% 2-isomer % 1-isomer % 3-isomer 
95.8 0 4.2 
00 F81
0 
91.4 1.7 6.9 
19500 83.0 - 5.7 
11.3 
28500 73.0 13.0 
14.0 
38700 54.2 22.2 
- 23.6 
46200 45.6 25.0 
29.4 
51300 34.5 31.1 34.4 
69300 8.6 41.4 
50.0 
Table 38 represents the decay with time for small crystals of 1-o-toluoyl-3-
aminoovrazole 60 at 45°C, (Fig. 48). 
Time 
(in seconds) 
1-isomer (1 -p 3) 
% 1-isomer % 3-isomer 
0 100 0 
340000 100 0 
6307200 100 0 
10195200 96.5 3.5 
17798400 94.3 5.7 
26265600 92.4 7.6 
46612800 79.4 20.6 
Table 39 represents the decay with time for small crystals of 2-o-toluoyl-3-
aminor,vrazole 73 at 45°C (Fig. 49). 
Time 
(in seconds) 
2-isomer (2 -b 3 and 2 -p 1) 
 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
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432000 100 0 0 
1209600 100 0 0 
3283200 94.0 6.0 0 
6307200 76.3 19.3 4.4 
9849600 58.0 33.9 8.1 
12873600 49.3 36.2 15.0 
17798400 28.5 52.5 19.0 
25574400 19.2 49.7 31.1 
64540800 1.0 65.5 33.5 
Table 40 represents the decay with time for small crystals of l-p-anisoyl-3-
aminopyrazole 62 at 45°C, (Fig. 50). 
Time 
(in seconds) 
1-isomer (1 -+ 3) 
% 1-isomer % 3-isomer 
0 100 0 
2936600 95.6 4.4 
4233600 93.8 6.2 
10108800 81.8 18.2 
Table 41 represents the decay with time for small crystals of 2-p-anisoyl-3-
aminopyrazole 75 at 45°C (Fig. 51). 
Time 
(in seconds) 
2-isomer (2 -* 3 and 2 - 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
845000 75.3 5.6 19.1 
3024000 3.8 41.7 54.7 
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Table 42 represents the decay with time for small crystals of 2-o-anisoyl-3 
aminopyrazole 76 at 45°C (Fig. 52).  
L(inme onds) 
2-isomer (2 -p 3 and 2 
. % 2-isomer er 
:E:~ 
% 3-isomer 
100  0 0 
99.0 1.0 0 3283200 
92.7 7.3 0 6307200 
48.5 - 	 45.7 5.8 
- 9849600 
20.0 - 	 65.6 14.5 I 	12873600 
Table 43 represents the decay with time for small crystals of I -p-chlorobenzoyl-3- 
n1rVr7fl1e 65 at 45°C. (Fig. 53). 
1-isomer (1 -* 3) Time 
(in seconds) % 1-isomer % 3-isomer 
100 0 0 










8769600 66.3 33.7 
18500000 33.0 67.0 
Table 44 represents the decay with time for small crystals of 2-p-chlorobeflZOYl-3- 
aminopyrazole 78 at 45°C, sample 1 (Fig. 54).  
Time 	I 	2-isomer (2 - 3 and 2 - 1) 
(in seconds) 	
% 2-isomer 	I % 1-isomer I 	% 3-isomer 
0 	I 100 	1 	0 	10 	I 
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25200 94.0 2.0 4.0 
52800 86.0 6.7 7.3 
67200 80.0 12.0 8.0 
85200 57.9 29.3 12.8 
94200 45.9 40.5 13.7 
112200 31.8 46.2 22.0 
Table 45 represents the decay with time for small crystals of 2-p-chlorobenzoyl-3-
aminopyrazole 78 at 45°C, sample 2 (Fig. 54). 
Time 
(in seconds) 
2-isomer (2 - 3 and 2 -* 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
16800 100 0 0 
27900 98.0 0 2.0 
204900 29.4 31.9 38.7 
462900 11.0 42.4 46.6 
Table 46 represents the decay with time for small crystals of 2-methoxyacetyl-3-
amino-5-methylpyrazole 79 at 45°C, sample 1 (Fig. 55). 
Time 
(in seconds) 
2-isomer (2 -+ 3 and 2 -' 1) 
 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
86400 100 0 0 
259200 100 0 0 
864000 92.0 0 8.0 
1382400 73.6 0 26.3 
1900800 70.0 0 30.0 
3024000 58.4 0 41.6 
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Table 47 represents the decay with time for small crystals of 2-methoxyacetyl-3-
amino-5-methylpyrazole 79 at 45°C, sample 2 (Fig. 55). 
Time 
(in seconds) 
2-isomer (2 - 3 and 2 -* 1) 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
178200 95.0 0 5.0 
703800 84.4 0 14.6 
873000 79.8 0 20.2 
1132200 71.0 0 29.0 
1243800 64.5 0 35.6 
1467000 60.1 0 39.9 
1726200 55.5 0 44.5 
2175600 51.9 0 48.1 
2503200 26.0 0 74.0 
Table 48 represents the decay with time for small crystals of 2-methoxyacetyl-3-
amino-4-cyanopyrazole 80 at 45°C (Fig. 56). 
Time 
(in seconds) 
2-isomer (2 -+ 3 and 2 - 1) 
 
% 2-isomer % 1-isomer % 3-isomer 
0 100 0 0 
86400 100 0 0 
259200 99.6 0 0.4 
518400 83.6 0 16.4 
1296000 52.9 0 47.1 
2419200 38.9 0 61.1 
4147200 31.8 0 68.2 
7084800 26.9 0 73.1 
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L 	X-ray Crystal Structures. Bond Lengths and Angles 
1 -Methoxyacetyl-3-aminopyrazole 45. 
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1 -Propionyl-3-aminopyrazole 54. 






























































































































I -p-Toluoyl-3-aminopyrazole 59. 













C(8)-C(9) 1.38 1(2) 
C(9)-C(12) 1.388(2) 





















C(1 1)-C(10)-C(7) 120.1(2) 
C(10)-C(1 1)-C(12) 121 .4(2) 
C(9)-C(12)-C(11) 117.77(14) 
C(9)-C(12)-C(13) 121.4(2) 
C(1 1)-C(12)-C(13) 120.8(2) 
200 
2-o-Anisoyl-3-o-anisamidopyrazole 114. 



























































1 pAnisoyl-3-amiflOPYraZ0le 62. 



















N( 1 ')-C(5') 
N( 1 ')-C(6') 














































































C(1 1')-C(10)-C(7) 121 .0(2) 
























































































































1 _MethoxyacetYl3_am1fl0in0le 111. 
Table 61 Bond lengths [angstroms] and angles [degrees] for 1-MethoxyaCetYl-3 
aminoindazole M. 
N(1) -C(8) 1.373 (3) 









C(S) -C(6) 1.396(3) 





























I -Methoxyacetyl-3-methoxyactamidoindazolepyrazole 110. 












































































































1 Methoxyacetyl4methOXYaCtamid0PYr0le 105. 









































1 -Methoxyacetyl-3 -aminopyrazole 45 
Molecular formula C6 H9 N3 02 
	Molecular weight 
Space group 	P21/n 
	 z 
Crystal system 	Monoclinic 
	R 
Unit cell dimensions a = 8.7661 (8) A 
	a = 900 
b = 9.6835 (10) A 13= 115.634° (6). 
c = 9.8012 (9) A 
	
y=90°. 
2-Methoxyacetyl-3 -aminopyrazole 44 
Molecular formula C6 H9 N3 02 	Molecular weight 
Space group 	Pn 	 Z 
Crystal system 	Monoclinic twin 	R 
Unit cell dimensions a = 10.692 (3) A 	a = 900. 




0.0340 [1008 data] 
155.16 
8 
0.0805 [1522 data] 
3 -(Methoxvacetamidonvrazole 83 
Molecular formula C6 H9 N3 02 
Space group 	P21/c 
Crystal system 	Monoclinic 















a = 90°. 




0.0596 [787 data] 
1 -Proojonvl-3 -aminoDyrazole 54 
Molecular formula C6 H9 N3 0 
Space group 	P21/c 
Crystal system 	Monoclinic 
Unit cell dimensions a = 8.180 (4) A 
b = 10.401 (5) A 
c =9.288 (5) A 
2-Propionyl-3 -aminopyrazole 67 
Molecular formula C6 H9 N3 0 
Space group 	Pbca 
Crystal system 	Monoclinic 
Unit cell dimensions a = 10.097 (4) A 
b = 10.145 (3) A 














Unit cell dimensions 
sole 82 














0.0326 [1019 data] 
1 -v-Toluovl-3 -aminonyrazole 59 
Molecular formula C11 H11 N3 0 
Space group 	P21/n 
Crystal system 	Monoclinic 
Unit cell dimensions a = 7.4101 (5) A 
b= 11.5925 (6)A 




a = 90°. 
= 90.770° (6). 
 Y=90 . 
201.23 
4 
0.0345 [1359 data] 
__114 
Molecular formula C19 H1 7 N3 04 	Molecular weight 
Space group 	P21/c 	 Z 
Crystal system 	Monoclinic 	R 
Unit cell dimensions a = 14.348 (5) A 	a 900. 
b = 8.293 (2) A 13 = 96.18° (3). 
c14.321(4)A 
1 -v-Anisovl-3 -aminopyrazOle 62 
Molecular formula Cii H1 1 N3 02 Molecular weight 
Space group P-1 Z 
Crystal system Triclinic R 
Unit cell dimensions a = 8.0387 (6) A a = 70.322° (4). 
b = 10.0021 (7) A 13 = 84.7790 (4). 
c = 14.6007 (10) A y = 76.994° (4). 
351.36 
4 
0.0678 [988 data] 
217.23 
4 
0.0318 [2686 data] 
27p-Ani soyl-3 -aminopvrazole 75 
Molecular formula C11 H11 N3 02 	Molecular weight 
Space group 	P21/c 	 Z 
Crystal system 	Monoclinic 	R 
Unit cell dimensions a = 6.4322 (13) A 	a = 900. 
b = 10.784 (2) A 13 = 94.48° (2). 
c15.082(3)A 	y=900 . 
217.23 
4 














Unit cell dimensions 
nitrile 48 
C9 H7 NO 
P21/c 
Monoclinic 
a = 8.648(4)A 





a = 900 









Unit cell dimensions 
benzonitrile 115 
C10 H10 N2 02 
P21/n 
Monoclinic 
a = 7.305 (3) A 
b = 17.080 (9) A 









0.0691 [13 10 data] 
1 -Methoxvacetvl-3 -aminoindazole 111 
Molecular formula Cm H11 N3 02 
Space group P21/c 
Crystal system Monoclinic 
Unit cell dimensions a = 8.2836 (18) A 
b = 8.8100 (13) A 
c = 13.945(3)A 
1 -Methoxvacetvl-3 methoxyacetamidOifldaZ0le 110 
Molecular formula C13 H15 N3 04 	Molecular weight 
Space group 	P21/c 	 Z 
Crystal system 	Monoclinic 	R 
Unit cell dimensions a = 11.298 (4) A 	a = 900 . 
b = 8.447 (3) A 13 = 107.90° (3). 
c = 14.430(6)A 	y=900. 
4-MethoxvacetamidoDvrazole 106 
Molecular formula C6 H9 N3 02 	Molecular weight 
Space group 	P21/c 	 Z 
Crystal system 	Monoclinic 	R 
Unit cell dimensions a = 9.6787 (13) A 	a = 90°. 
b = 15.223 (3) A 13 = 100.032° (15). 
c= 10.2407(17)A y90°. 
277.28 
4 
0.0430 [1558 data] 
155.16 
8 
0.0355 [1974 data] 
1 Methoxvacetvl-4-methoxvacetamidOPYra20le 105 
Molecular formula C9 H1 3 N3 04 	Molecular weight 
Space group 	P-i 	 Z 
Crystal system 	Triclinic 	 R 
Unit cell dimensions a = 7.641 (2) A 	a = 77.10° (2). 
b = 8.882 (3) A 13 = 66.1170 (18). 
c = 8.969 (3) A 	y = 88.36° (2). 
227.22 
2 
0.0392 [1382 data] 
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PUBLICATIONS 
TSONKO KOLEV et al. 	 807 
02-C2--C3 136.10) 07-.C7--C6 131.20) 
Cl-.C2--C3 93.0(2) C8-C7--C6 92.5(2) 
03-C3--C2 136.96) 08-C8---C7 138.10) 
03-C3--C4 135.20) 08-C8---C9 131.90) 
C2-C3--C4 87.9(2) C7-C8---C9 90.0(2) 
04-C4---C1 136.80) 09.-C9--C8 133.10) 
04-C4--C3 134.50) 09-C9--C6 137.8(3) 
CI-.C4---C3 88.7(2) C8-C9--C6 99.1(2) 
Table 2. Hydrogen -bonding geometry (A, 0) 
D-H . . . A D-H H .. . A D ... A D-H. . .  
02-H2 - .08 1.04(3) 1.46(3) 2.488(3) 167 (3) 
07-H7- - -01 1.06(3) 1.41(3) 2.462(3) 174 (3) 
NI-H IA- - -02' 0.86(3) 2.29(3) 2.934(4) 132 (3) 
NI-HIB . . . 01 0.89(3) 2.29(3) 3.009(4) 138(3) 
N3-H3B- - .06" 0.85(3) 2.06(3) 2.903(4) 170 (3) 
N3- l-13A .. . 03" 0.87(3) 2.02(3) 2.873(4) 168 (3) 
N2-H2A ... 04" 0.89(3) 2.08(3) 2.960(4) 170(3) 
N2-H2B . . . 09v 0.86(3) 2.010) 2.87](4) 172(3) 
N5-H58- . -09' 0.86(4) 2.19(4) 2.994(5) 154(3) 
N6-H6B- . 08' 0.89(4) 1.99(3) 2.865(4) 169 (3) 
N6-H6A- - -04' 0.88(3) 2.09(4) 2.929(4) 160(3) 
N4-H4B ... 07" 0.88(4) 2.14(4) 2.927(4) 148(3) 
N4-H4A . . . 06" 0.90(3) 2.23(4) 2.997(4) 142(3) 
N5-H5A ... 03" 0.9)(3) 2.06(3) 2.959(4) 170(3) 
Symmetry codes: (i) 1 	- .r, I 	- y, -z; (ii) 	I - x, 1 - y, I 	- 	 (iii) 
X, 4 -y, 	+z;(iv)-x,I -',-z; (v) 	I - x,i' - - Z; (vi) 
-x,v- 	, 4 -z;(vii)-x, 1 -y, I -z;(viii)x,y, I +z. 
The title complex was characterized by elemental analysis 
and spectroscopic methods. The solid-state IR spectrum (KBr 
pellets) confirms that only one hydroxyl group is 'free' and 
that the guanidine molecule is protonated. The strong peaks at 
3475 and 3184 cm- 1 , and the other bands around 3000 cm 
show the existence of a network of strong hydrogen bonds. 
The melting point of guanidimum hydrogen squarate is over 
580K with decomposition. The structure was solved by 
direct methods (SHELXS86; Sheldrick, 1990) and successive 
difference Fourier syntheses. Refinement applied full-matrix 
least-squares methods (SHELXL93; Sheldrick, 1993). All H 
atoms were taken from difference Fourier maps and refined 
with restrained 0-H and N-H distances (SAD] 0.03), and 
U, 0 constrained to be 1.5 Ueq of the carrier atom. The crystal 
was slightly longer than the beam diameter, which may lead 
to small systematic errors in U values. 
Data collection: R3mJV software. Cell refinement: R3m/V 
software. Data reduction: R3m1V software. Molecular graphics: 
SHELXTL -Plus (Sheldrick, 1991). Software used to prepare 
material for publication: SHELXL93 and PARST95 (Nardelli, 
1995). 
The authors wish to thank the National Science 
Foundation for research grant Ch-442. One of us 
(TsK) thanks the Alexander von Humboldt Stiftung for 
financial support. 
Lists of atomic coordinates, displacement parameters, structure factors 
and complete geometry have been deposited with the IUCr (Reference: 
JZ1 154). Copies may be obtained through The Managing Editor, 
International Union of Crystallography, 5 Abbey Square, Chester CHI 
2HU, England. 
References 
Adams, J. M. (1978). Acta Cryst. B34, 1218-1220. 
Angelova, 0., Petrova, R., Radomirska, V. & Kolev, Ts. (1996). Ada 
Cryst. C52, 2218-2220. 
© 1997 International Union of Crystallography 
Printed in Great Britain - all rights reserved 
Angelova, 0:, Velikova, V., Kolev, Ts. & Radomirska, V. (1996). Acta 
Crys:. C52, 3252-3256. 
Brach, I., Roziere, i., Anselment, B. & Peters, K. (1987). Ada Crysi. 
C43, 458-460. 
Bull, R. J., Ladd, M. F. C., Povey, D. C. & Shirley, R. (1973). Crysl. 
Struc:. Commun. 2, 625-628. 
Greenhill, J. & Lue. P. (1993). Pmg. Med. Chem. 30, 203-326. 
Katrusiak, A. & Szafranski, M. (1994). Acta Crys:. C50, 1161-1163. 
Nardelli, M. (1995). J. Appl. Cryst. 28, 659. 
Semmingsen, D. (1976). Ada Chem. Scand. 5cr. A, 30, 808-812. 
Sheidrick, G. M. (1990). Acta Cryst. A46, 467-473. 
Sheldrick, G. M. (1991). SHELXTL-Plus. Release 4.1. Siemens 
Analytical X-ray Instruments Inc., Madison, Wisconsin, USA. 
Sheldrick, G. M. (1993). SHELXL93. Program for the Refinement of 
Crystal Structures. University of Gottingen, Germany. 
Wang, Y. & Stuck)'. G. D. (1974). J. Chem. Soc. Perkin Trans. 2, pp. 
925-928. 
West, R. (1980). Editor. Oxocarbons. New York: Academic Press. 
Acta Cryst. (1997). C53, 807-809 
a-Formylphenylacetonitrile in the Solid 
State at 220 K 
L&iN C. CLELLAND, HAMISH McNn. AND SIMON PARSONS 
Department of Chemistry The University of Edinburgh. 
West Mains Road. Edinburgh EH9 3JJ, Scotland. E-mail. 
s.parsons@ed.ac.uk  
(Received 2 December 1996; accepted 6 February 1997) 
Abstract 
The title compound, 3-hydroxy-2-phenylpropenonitrile 
(a-hydroxymethylene-ce-phenylacetonitrile), C9117NO, 
exists in the solid state as the Z-enol tautomer, forming 
one-dimensional chains via hydrogen bonding between 
the enol OH group and the nitrile N atom. 
Comment 
The title compound, (1), which is a useful intermediate 
in heterocyclic synthesis, can, in principle, exist in three 
tautomeric forms (see scheme below), one of which can 
occur as Z and E isomers [(lb) and (lb), respectively]. 
In solution, (1) is present as a 1:1 mixture of (lb) 
and (lb') (Kirsch, Mieloszynski, Paquer & Andrieu, 
1983), and the present study was undertaken in order 
to establish whether this persists in the solid state. 
Ph CN 	
Ph CN 	Ph CN
Ph_fOOO'~
NH 
' CHO 	H0H 	HO H CHO 
(la) (lb) (lb') 	 (Ic) 
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In the solid state, (1) exists solely as the Z-enol form 
c-hydroxymethylene-cs-phenylacetonitri1e [(lb); Fig. 1). 
The formation of the enol forms in solution was ascribed 
to their stabilization by hydrogen bonding, and packing 
in the crystal structure of (lb) is dominated by hydro-
gen bonding between the cyano and hydroxyl groups 
of neighbouring molecules leading to the formation of 
chains disposed about the crystallographic 2 1 axes. Fur-
ther stabilization through ir resonance from the hydroxyl 
group via the C=C bond to the cyano group also plays 
an essential role in the formation of the enol forms, 
since analogues of (la) which lack a ir-active group ct 




For example, only 2.9% of phenylacetone is typically 
present as the enol tautomer (Gero, 1954). The bond 
lengths within the enol unit in (lb) (Table 1) are con-
sistent with this delocalization, although the shortening 
of the C-O and lengthening of the C=C bond lengths 
relative to typical values are not as pronounced as in 
(2), which has two electron-withdrawing groups (Blake, 
Fig. 1. The formation of hydrogen bonds in the crystal structure 
of (lb). The 014 and 014A atoms are related by the operation 
(1 - x, - ! +),,  y 1- z). The N12 . • 014A distance is 2.737 (3) A 
and H 14A N 12 is 1.72 (3) A. Displacement ellipsoids enclose 
50% probability surfaces. 
Hunter & McNab, 1989). The cyano-enol unit is pla-
nar [maximum deviation 0.029(2) A for the C13 atom] 
and is twisted by 19.98 (7)° relative to the plane of the 
phenyl ring. 
Experimental 
Compound (1) was prepared according to the literature 
procedure of Anderson, Casey, Greene, Lafferty & Reiff 
(1964) and recrystallized from ethyl acetate. 
Crystal data 
C9H7NO 
M = 145.16 
Monoclinic 
P21 /c 
a = 8.648 (4) A 
b = 11.561 (8) .A 
c= 8.189(4)A 
/3= 114.43(4)° 
V = 745.4(7) A 3 
Z=4 
D = 1.293 Mg m 3 
Dm not measured 
Data collection 
Stoe Stadi-4 diffractometer 
equipped with an Oxford 
Crvosystems variable 
temperature device (Cosier 
& Glazer, 1986) 
scans [width (1.32 
+ 0.lS tan O) ° ] 
Absorption correction: none 
2078 measured reflections 
1097 independent reflections 
Refinement 
Refinement on F2 (/°)max <0.Oql 
R(F) = 0.0359 'Pma = 0.16 e A 3 
WR(F 2 ) = 0.0976 LPmin = -0.13 e A 3 
S = 1.045 Extinction correction: 
1097 reflections SHELXTIJPC 
109 parameters Extinction coefficient: 
H atoms: see below 0.0095 (15) 
W = 1/[a2(F) + (0.0566P)2 Scattering factors from 
+ 0.1377PJ International Tables for 
where P = (F + 2F2 )I3 Crystallography (Vol. C) 
Table 1. Selected geometric parameters (A, 0) 
0-.-Cl0 1.483(2) C1l-N12 1.145(2) 
C10-Cl3 1.336(2) C13-014 1.330(2) 
CIO-CIl 1.429(2) 
C13-00--01 117.1(2) N12-C11--.C10 179.4 (2) 
C13-C10---C1 124.87(15) 014-1213---C10 122.1(2) 
C11-C10--C1 118.05 (14) 
Atoms H2-H6 were placed in calculated positions, while 
atoms H13 and H14 were located in a difference map. The low 
value of 6, is a consequence of the mechanical restrictions 
arising from the use of the low-temperature device. 
Cu Ka radiation 
= 1.54178 A 
Cell parameters from 14 
reflections 
O = 20_300 
= 0.693 mm 
T = 220.0(2) K 
Tablet 
0.35 x 0.23 x 0.12 mm 
Colourless 




k = -12 - 12 
I = -9 -* 9 
3 standard reflections 
frequency: 120 mm 
intensity decay: none 
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Data collection: DIF4 (Stoe & Cie, 1990a). Cell refine-
ment: D!F4. Data. reduction: REDU4 (Stoe & Cie, 1990b). 
Program(s) used to solve structure: SHELXTIJPC (Sheldrick, 
1995). Program(s) used to refine structure: SHELXTIJPC. 
4olecular graphics: SHELXTIJPC. Software used to prepare 
material for publication: SHELXTIJPC. 
The authors thank the EPSRC for provision of a 
four-circle diffractometer and an Earmarked Studentship 
(ICC). 
Lists of atomic coordinates, displacement parameters. structure factors 
and complete geometry have been deposited with the IUCr (Reference: 
BM1 136). Copies may be obtained through The Managing Editor, 
International Union of Crystallography, 5 Abbey Square, Chester CHI 
2HU. England.  
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1.817 (7) in mbts to 1.85-1.88 A in the complexes] was 
found, but there were no significant changes in the 
other geometric parameters of the ligand. The only other 
bond-length decrease of note was for SeC—NMe [from 
1.35(1) in mbts to 1.32-1.34 A in the complexes]. Thus, 
only the amino group takes part in electron redistribu-
tion upon coordination. 
Comment 
Recently, we have shown (Rudd, Lindeman & Husebye, 
1996) that the trans influence of chalcogen-containing 
ligands in hypervalent three-coordinate complexes of 
Tell can be modified significantly depending on the abil-
ity of the rest of the ligand (apart from the coordinating 
chalcogen atom) to acceptidelocalize positive charge, 
owing to the following resonance: 
X—Te(Ar) :YL X: Te(Ar)—rL 
(a) 	 (b) 
X: Te(Ar)—Y—L 
(c) 
(most often, X = a halogen, Ar = phenyl, Y = a 
chalcogen, L = the organic remainder of the ligand 
Y=L and ':' denotes a lone pair). Moreover, we have 
demonstrated (Rudd, Lindeman & Husebye, 1997) that 
the same hypervalent three-center four-electron bonding 
scheme (Wiebenga, Havinga & Boswijk, 1961; Foss, 
1962; Alcock, 1972) can be applied to isoelectromc 
hypervalent complexes of two-coordinate I: 
X—I :YL X: I—YL *-* X: I—Y--L 
Acta Cryst. (1997). C53, 809-811 
NMethy1benzothiazo1e-2(3H)-se1one, 
C8H7NSSe 
STEINAR HusEByE," SERGEY V. LINDEMAN 1) * AND 
MARTIN D. RUDDc 
°Department of Chemistry, University of Bergen, 41 Alle-
garen, N-5007 Bergen, Norway, 'Institute of Organoelement 
Compounds, 28 Vavilov Street, Moscow 117813. Russia, and 
cDepaent of Chemistry. Baylor University, Waco, Texas 
76798-7348, USA. E-mail: sergey@bayou.uh.edu  
(Received 30 July 1996; accepted 8 January 1997) 
Abstract 
The crystal structure of N-methyl- 1 ,3-benzothiazole-
2(3H)-selone (mbts) has been studied in order to es-
timate the changes in the molecular geometry of the 
mbts ligand upon coordination. Hypervalent complexes 
of mbts with Te 11 and jI  have been studied by us previ-
ously. A significant elongation of the Se=C bond [from 
© 1997 International Union of Crystallography 
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(most often, K = I or Br, Y = S or Se, and L = the organic 
remainder of the ligand). N-Methylbenzothiazole-2(3H)-
selone (mbts), (1), has just been used as a ligand both 
in Tell and Sell  complexes [(mbts)TePhBr, (2) (Rudd, 
Lindeman & Husebye, 1996), and (mbts) 4Se2 (Adamo 
et al., 1996)1, and in 1 1 complexes [(mbts)21t(13)_, (3) 
(Demartin et al., 1993), (mbts)113, (4), and (mbts)IBrIBr, 
(5) (Cristiani et at., 1994)], but the structure of the 
ligand itself has not yet been studied. Looking at the 
chemical structure of mbts, we might expect that it is 
good at delocalizing the positive charge owing to the 
resulting aromatic structure upon complexation. 
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(1) 
Nevertheless, the effect of the organic remainder of 
the ligand upon the trans influence of Se is rather 
small. For instance, mbts has a weaker trans influence 
than selenourea (idd, Lindeman & Husebye, 1996). In 
order to examine the reasons for this limited effect, we 
undertook the X-ray structural investigation of (1). 
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